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I  Project  Background 


The  present  SERDP  funded  project  (CP  1256)  responds  directly  to  the  original  SERDP 
research  solicitation  on  “Environmental  Fate  and  Transport  of  the  New  Energetic  Material,  CL- 
20”  (CPSON-02-01)  under  the  Broad  Agency  Announcement  (BAA).  This  SON  identified  the 
need  to  determine  the  transport,  fate  and  environmental  effects  of  CL-20  (2,4,6,8,10,12- 
hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane)  (Figure  1). 

CL-20,  which  was  initially  synthesized  by  Nielsen  et  al.  (1987,  1990)  and  later  adopted 
by  Thiokol  for  pilot  scale  production  (Wardle  et  al.,  1996),  is  a  high-density  polynitro  compound 
that  is  currently  under  consideration  for  military  application.  Indeed  CL-20  is  envisaged  to 
deliver  10  to  20%  higher  performance  than  octahydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine 
(HMX)  and  better  performance  than  hexahydro-l,3,5-trinitro-l,3,5-triazine  (RDX)  (Nielsen  et 
al.  1998;  Geetha  et  al.  2003,  Giles  et  al  2004)  (Figure  1).  However,  it  is  recognized  that  the 
potential  environmental  fate  and  impact  of  this  compound  must  be  understood  prior  to  its 
adoption  as  a  commonly  used  energetic  material.  The  provision  of  scientifically  sound 
environmental  data  on  the  chemical  and  microbial  reactivities  of  CL-20  and  its  interactions  with 
soil  and  potential  receptors  is  important  because  it  will  help  understand  and  predict  the  fate  and 
environmental  impact  of  this  powerful  energetic  compound. 

Previous  practices  involving  explosives  such  as  RDX  and  HMX  including  manufacturing, 
waste  discharge,  testing  and  training,  demilitarization  and  open  burning/open  detonation 
(OB/OD)  have  resulted  in  severe  soil  and  groundwater  contamination  (Haas  et  al.,  1990;  Myler 
and  Sisk,  1991).  Thus,  in  spite  of  their  low  solubility  in  water,  the  monocyclic  nitramines  RDX 
(45  mg/L  at  25°C)  and  HMX  (5  mg/L,  at  25°C)  (Talmage  et  al.,  1999)  have  exhibited  an  ability 
to  migrate  through  subsurface  soil  and  cause  groundwater  contamination.  CL-20  being  a  cyclic 
nitramine  might  also  migrate  from  surface  soil  to  groundwater.  Since  both  RDX  and  HMX  are 
toxic  to  aquatic  organisms  (Sunahara  et  al.,  1999,  2001;  Talmage  et  al.,  1999),  earthworms 
(Robidoux  et  al.,  2000,  2001),  and  indigenous  soil  microorganisms  (Gong  et  al.,  2001;  Sunahara 
et  al.,  2001),  it  is  important  to  limit  the  potential  adverse  environmental  consequences  of  the 
widespread  usage  of  CL-20  by  thoroughly  investigating  its  transport,  transformation  and  impact 
in  soil. 

While  both  RDX  and  HMX  are  cyclic  oligomers  of  methylenenitramine,  CH2-N-NO2, 
((CH2NN02)3  for  RDX  and  (CH2NN02)4  for  HMX),  CL-20  contains  the  repeating  unit  CH- 
NNO2  (Wardle  et  al.,  1996;  Nielsen  et  al.,  1998).  The  presence  of  C-bonded  nitramine  groups  in 
all  three  chemicals  could  result  in  similarities  in  the  chemical  and  enzymatic  reactions  and 
reactivities.  However,  in  contrast  to  RDX  and  HMX,  which  are  monocyclic  nitramines,  CL-20  is 
a  rigid  polycyclic  nitramine  characterized  by  having  a  three  dimensional  cage  structure.  This 
structural  difference  could  result  in  drastic  differences  in  the  course  of  the  chemical  and 
biochemical  reactions  and  the  type  of  breakdown  products.  In  particular,  the  presence  of  a 
relatively  long  (weak)  C-C  bond  in  CL-20  (bond  denoted  a  in  Figure  1)  could  play  a  significant 
role  in  differentiating  its  degradation  pathway(s)  from  those  of  the  two  monocyclic  nitramines 
RDX  and  HMX. 

McCormick  et  al.  (1981)  first  reported  the  transformation  of  RDX  to  nitroso  derivatives 
prior  to  ring  cleavage  to  produce  hydrazines,  dimethyl  nitrosamines  and  methanol.  Subsequent 
work  in  our  laboratory  demonstrated  that  initial  denitration  of  these  nitramines  is  also  an 
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important  step  that  can  easily  lead  to  ring  cleavage  and  decomposition  to  nitrous  oxide,  nitrogen, 
formaldehyde  and  carbon  dioxide  (Hawari  et  al.,  2000a,b;  Hawari,  2000;  Halasz  et  al.,  2002; 
Fournier  et  al.,  2002).  It  would  thus  be  worthwhile  to  ascertain  whether  our  hypotheses  drawn  for 
the  (bio)degradation  of  RDX  and  HMX  are  applicable  to  CL-20. 


02N 


N  Oo 


0,N 


-N 


N 

k 


N 


N- 

/ 


\ 


NO, 


0,N 


RDX 


HMX 


Figure  1  Structures  of  cyclic  nitramine  explosives  RDX,  HMX  and  CL-20.  The  three  heterocyclic 
nitramines  contain  characteristic  N-N02  functional  groups  that  may  determine  their  physicochemical, 
microbial  and  toxic  properties. 


We  believe  that  the  knowledge  we  discovered  earlier  on  the  chemical  and  microbial 
transformation  of  the  two  cyclic  nitramines  RDX  and  HMX  (Hawari,  2000)  and  on  their 
interactions  with  soils  (Sheremata  and  Hawari,  2000a;  Monteil-Rivera  et  al.,  2003)  will  be  very 
helpful  in  designing  laboratory  experiments  to  determine  transport  and  transformation  of  CL-20 
in  various  soil/water  systems. 

The  following  chapters  thus  summarize  laboratory  findings  of  a  comprehensive  research 
strategy  that  was  undertaken  to  determine  environmental  fate  and  impact  of  CL-20  in  response  to 
SERDP  needs  (ER  1256).  We  first  measured  important  physicochemical  parameters  of  CL-20 
including  water  solubility  (S),  water/octanol  partition  coefficient  (Kow)  and  sorption  (Kd)  onto 
various  types  of  soil.  Then  we  determined  its  stability  in  aged  soil  under  different  conditions  (pH, 
organic  matter,  micro  flora)  and  degradability  with  zero  valent  iron  (ZVI)),  and  towards  light. 
Other  laboratory  experiments  were  conducted  to  determine  biotic  (microbial  and  enzymatic) 
degradation  of  CL-20  in  water  /  soil  systems  using  soil  indigenous  microorganisms  or  specific 
isolates  ( Pseudomonas  sp.,  Clostridium  sp.,  Phanerochaete  chrysosporium,  Irpex  lacteus)  and 
enzymes  (dehydrogenase,  nitroreductase).  In  parallel  we  conducted  several  biological 
biochemical  and  biological  assays  to  determine  toxicity  of  the  explosive  towards  various 
terrestrial,  aquatic  and  avian  receptors  (see  Project  Overview,  page  9).  The  knowledge  gained  on 
the  transport  and  transformation  routes  and  toxicity  of  CL-20  can  then  be  used  to  help  understand 
and  predict  fate  and  impact  (toxicity  mechanisms)  of  the  chemical. 
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Project  Overview 
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II 


Global  Objectives 


The  present  project  addresses  the  objectives  set  forth  in  CPSON-02-0  to  determine 
environmental  fate  and  impact  of  the  emerging  high  energetic  chemical  CL-20.  The  objectives 
were  specifically  outlined  to: 

1.  Develop  analytical  methods  to  measure  CL-20  as  well  as  its  potential  intermediate  and 
end  degradation  products. 

2.  Determine  physicochemical  properties  (S,  Kow,  Kd,  Koc)  of  CL-20. 

3.  Determine  aerobic  and  anaerobic  biodegradation  of  CL-  20  in  soil/water. 

4.  Determine  enzymes  responsible  for  initiating  the  degradation  of  CL-20. 

5.  Conduct  a  battery  of  ecotoxicological  tests  to  determine  the  toxic  effects  of  CL-20  on 
selected  ecological  receptors,  e.g.  terrestrial  plants,  soil  invertebrates,  soil 
microorganisms,  and  avian  and  aquatic  species. 

6.  Determine  sorption  of  CL-20  onto  soil  and  its  effect  on  biodegradation  kinetics  and 
toxicity  mechanisms. 


Ill  Summary  of  Accomplishments 


We  first  developed  an  SOP  (Standard  Operating  Procedure)  HPLC  method  for  the 
analysis  of  CL-20  in  soil  and  water  and  forwarded  the  method  to  the  two  Pis  of  the  other  two 
projects  on  CL-20  (ER  1254,  ER1255).  During  the  year  2003,  an  interlaboratory  study  was 
conducted  between  the  three  laboratories  involved  in  the  CL-20  projects  (ER  1254,  ER1255)  to 
validate  the  HPLC  method  for  the  analysis  of  CL-20  in  water  and  soil.  Reasonably  low  RSD 
values  were  observed  among  the  three  laboratories  (10  <  %),  indicating  reliability  of  the  method 
in  evaluating  CL-20  concentrations  in  soil/water  systems. 

To  provide  insight  on  the  fate  (transport)  of  CL-20  in  the  environment  (sorption  and 
migration  through  subsurface  soil)  we  determined  the  solubility  of  the  chemical  in  water  at 
different  temperatures  (5  to  60  °C).  Also  we  measured  its  octanol/water  partition  coefficient  (Kow 
=  82.6).  Subsequently  we  determined  the  sorption  behavior  of  the  chemical  in  several  soils 
differing  in  pH,  mineral  phases  and  organic  content.  We  found  that  CL-20  was  highly  retained  by 
the  organic  fraction  of  soils,  and  that  the  sorption  was  governed  more  by  the  type  of  organic 
matter  rather  than  its  amount.  Also  the  chemical  exhibits  a  higher  affinity  for  more  condensed 
and/or  reduced  organic  matter  than  for  soil  humic  acids.  In  general  sorption  onto  soils  was  found 
to  be  reversible  and  did  not  prevent  abiotic  or  biotic  transformations,  or  transport  through 
subsurface  soils. 

The  stability  of  CL-20  was  investigated  in  aqueous  solutions  under  a  range  of  pH 
conditions.  The  chemical  hydrolyzes  readily  under  alkaline  conditions  with  initial  denitration 
followed  by  ring  cleavage  and  decomposition  to  nitrite,  nitrous  oxide,  ammonia,  formic  acid  and 
glyoxal.  When  the  chemical  is  subjected  to  light  (300  nm  and  using  solar  irradiation)  it  also 
decomposes  with  the  concurrent  formation  of  nitrite  to  produce  nitrous  oxide,  ammonia,  formic 
acid  and  glyoxal.  Similarity  in  product  distribution  of  both  hydrolysis  and  photolysis  lead  us  to 
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conclude  that  following  denitration  the  resulting  intermediate(s)  decompose  spontaneously  in 
water.  Interestingly,  when  CL-20  was  treated  with  Fe°  in  water  the  chemical  degraded  via  at 
least  two  initial  routes:  one  involving  denitration  and  the  second  involving  sequential  reduction 
of  the  N-NO?  groups  to  the  corresponding  nitroso  (N-NO)  derivatives  prior  to  denitration  and 
ring  cleavage.  Also  the  reaction  mixture  CL-20/Fe°  produced  glyoxal,  glycolic  acid,  formic  acid, 
nitrous  oxide  and  ammonium.  The  resemblance  of  product  distribution  in  all  tested  abiotic 
reactions  support  the  hypothesis  that  initial  denitration  of  CL-20  leads  to  the  spontaneous 
decomposition  of  the  molecule  in  water. 

Under  biotic  conditions  CL-20  was  found  to  degrade  under  both  aerobic  and  anaerobic 
conditions.  We  found  that  the  aerobic  soil  isolate,  Pseudomonas  sp.  FA1,  was  capable  of 
utilizing  CL-20  as  sole  nitrogen  source.  Subsequent  work  showed  that  an  NADH-dependent, 
membrane-associated  flavoenzyme  was  responsible  for  CL-20  biotransformation.  Also  we 
isolated  an  obligate  anaerobic  bacterium,  Clostridium  sp.  EDB2,  from  sediment  obtained  from 
Halifax  Harbour  for  its  ability  to  degrade  CL-20  and  demonstrated  a  chemotactic  response 
towards  the  nitramine.  Several  fungi  were  also  found  capable  of  degrading  the  chemical,  with  P. 
Chrysosporium  being  the  most  efficient  degrader.  Once  again  we  identified  that  disappearance 
of  the  energetic  chemical  was  accompanied  with  the  liberation  of  nitrite  in  most  cases.  The 
product  distribution  basically  indicated  the  formation  of  NO2,  N2O,  NH3,  HCHO,  (COOH)2  and 
C02.  Using  LC/MS  with  UL  ring  labeled  [15N]-CL-20  and  UL  N02  labeled  [15NO2-CL-20]  we 
were  able  to  identify  several  initial  intermediates  from  the  (bio)decomposition  of  CL-20  and  thus 
were  able  to  discover  several  initial  degradation  routes  leading  to  its  decomposition,  most 
notably  denitration,  denitrohydrogenation  and  reduction  of  the  N-NO2  to  the  corresponding  N- 
NO  group(s). 

Finally,  we  obtained  definitive  data  on  the  toxicity  of  the  energetic  chemical  towards 
various  aquatic  (algae,  microorganisms),  terrestrial  (earthworms,  plants,  microbes)  and  avian 
(Japanese  quail)  receptors.  For  the  aquatic  toxicity,  CL-20  showed  no  adverse  effects  on  the 
marine  bacteria  Vibrio  fischeri  and  the  freshwater  green  algae  Selenastrum  capricornutum,  up  to 
its  water  solubility  (ca.  3.6  mg  L _1).  In  the  case  of  terrestrial  toxicity,  CL-20  was  not  acutely 
toxic  to  the  plants  tested  (alfalfa  ( Medicago  sativa )  and  perennial  ryegrass  (Lolium  perenne )), 
and  had  no  statistically  significant  effects  on  microbial  communities  measured  as  DHA  or  on  the 
ammonium  oxidizing  bacteria  determined  as  PNA  in  two  soil  types,  but  definitive  toxicity  tests 
of  three  soil  invertebrates  (earthworm  Eisenia  andrei,  and  enchytraeids  Enchytraeus  albidus  and 
Enchvtraeus  crypticus )  showed  the  chemical  to  act  as  a  reproductive  toxicant  to  the  earthworm 
and  enchytraeids,  with  lethal  effects  observed  at  higher  concentrations.  We  investigated  the 
toxicity  of  CL-20  on  an  avian  species,  the  Japanese  quail  ( Coturnix  coturnix  japonica )  using  test 
methods  modified  from  standard  toxicity  test  guidelines.  Several  physiological  parameters  were 
monitored  in  both  studies.  In  the  acute  dosing  studies,  CL-20  caused  no  overt  toxicity  to  the  birds 
and  elicited  few  effects  in  treated  adult  individuals.  Treatment-related  effects  were  on  the  liver  as 
evidenced  by  increased  liver  weight  and  elevated  enzyme  activity.  In  the  subchronic  study  we 
also  observed  treatment-related  effects  suggesting  possible  reproductive  and  developmental 
effects.  In  an  effort  to  understand  the  mechanism  of  CL-20  toxicity,  we  purified  and  identified  a 
hepatic  enzyme  capable  of  biotransforming  CL-20.  Subsequently,  we  identified  possible 
conjugated  metabolites  that  could  explain  the  adverse  effects  we  observed. 

Experimental  findings  of  this  project  (SERDP  ER1256)  are  discussed  in  the  following 
chapters  and  in  the  publications  (22)  that  are  annexed  at  the  end  of  the  report. 
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IV  Analytical  methods  for  the  determination  of  CL-20  in  water  and  soil 


Research  conducted  under  this  task  was  published  in: 

1.  Groom  CA,  Halasz  A,  Pciquet  L,  D’Cruz  P,  Hawari  J.  (2003)  Cyclodextrin  assisted  capillary 
electrophoresis  for  determination  of  the  cyclic  nitramine  explosives  RDX,  HMX  and  CL-20:  a 
comparison  with  high  performance  liquid  chromatography  (HPLC).  J.  Chromcitogr.  A  999:17-22. 

2.  Monteil-Rivera  F,  Pciquet  L.  Deschamps  S,  Balakrishncm  VK,  Beaulieu  C,  Hawari  J.  (2004)  Physico¬ 
chemical  measurements  of  CL-20  towards  environmental  applications:  comparison  with  RDX  and 
HMX.  J.  Chromatogr.  A  1025: 125-132. 

3.  Groom  C,  Halasz  A,  Pciquet  L,  Thiboutot  S,  Ampleman  G,  Hawari  J.  (2005)  Detection  of 
nitroaromcitic  and  cyclic  nitramine  compounds  by  cyclodextrin  assisted  electrophoresis  quadrupole 
ion  trap  mass  spectrometry.  J.  Chromatogr.  A  1072:  73-82. 


Introduction 

An  SOP  (standard  operating  procedure)  HPLC  method  describing  the  analysis  of  CL-20 
in  water  and  soil  was  first  developed  and  shared  with  the  other  two  labs  working  on  projects  ER 
1254  and  ER1255.  This  method  (preparation  of  soil  and  water  samples,  extraction,  recovery, 
detection  limits,  accuracy  and  precision)  is  described  in  a  paper  published  in  J  Chromatogr.  A 
(Monteil-Rivera  et  al.,  2003)  attached  at  the  end  of  the  report.  In  addition  a  capillary 
electrophoresis  /  mass  spectrometry  methods  were  developed  to  rapidly  resolve  and  detect  CL- 
20,  HMX  and  RDX  and  their  related  degradation  intermediates  in  environmental  samples  and 
published  in  J.  Chromatogr.  A  (Groom  et  al.,  2003  and  2005). 


Material  and  Methods 

Chemicals  and  sample  preparation.  CL-20  was  obtained  from  A.T.K.  Thiokol  Propulsion 
(Brigham  City,  UT,  USA)  with  a  purity  of  99.3  %  (determined  by  HPLC).  IR  showed  that  95  % 
of  the  chemical  was  present  in  the  e-form.  Acetonitrile  (CH3CN,  HPLC  grade)  and  methanol 
(CH3OH,  HPLC  grade)  were  from  J.T.  Baker,  acetone  (CH3COCH3,  HPLC  grade)  was  from 
Lisher. 

Aqueous  samples  were  diluted  with  acidified  (250  |lL  cone.  H2SO4  L'1)  CH3CN  to  give  a 
50:50  (v:v)  CH3CN:H20  mixture.  If  analysis  could  not  be  performed  on  the  day  of  preparation, 
samples  were  stored  at  4°C  away  from  light. 

Lor  soil  samples,  U.S.  EPA  SW-846  method  8330  (USEPA,  1997)  was  used  with  a  slight 
modification.  Dried  soil  (2.0  g)  was  weighed  into  16-mL  glass  tubes  with  PTLE-lined  caps. 
Samples  and  associated  quality-control  samples  were  spiked  with  surrogate  (RDX)  and  CL-20 
solutions  in  acetone  to  obtain  concentrations  of  CL-20  in  soil  ranging  from  1  to  10,000  mg  kg"1. 
The  solvent  was  allowed  to  evaporate  overnight  in  a  fume-hood  before  subsequent  extraction  by 
CH3CN  (10  mL  /  tube)  using  sonication  at  20  °C  for  18  h.  After  centrifugation  at  1170  x  g  for  30 
min,  a  volume  of  supernatant  (5  mL)  was  combined  with  5  mL  of  a  CaCL/NaHSCL  aqueous 
solution  (5  and  0.2  g  L"1,  respectively)  instead  of  the  usual  solution  of  calcium  chloride.  The 
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resulting  sample  was  shaken,  allowed  to  stand  for  30  min  and  filtered  through  a  0.45  (im- 
Millipore  PTFE  filter.  After  discarding  the  first  3  mL,  the  filtrate  was  analyzed  by  HPLC.  In 
order  to  assess  the  effect  of  water  on  the  extraction  efficiency,  some  samples  were  supplemented 
with  water  (15  %  or  50  %  wt/wt  water)  following  acetone  evaporation.  One  third  of  the  samples 
were  extracted  immediately,  a  second  third  after  being  stored  at  10  °C  and  in  the  dark  for  7  days, 
and  the  final  third  after  being  stored  for  21  days  under  similar  conditions. 

Analytical  methods.  The  CL-20  concentration  was  analysed  by  HPLC  using  a  chromatographic 
system  (ThermoFinningan,  San  Jose,  CA)  composed  of  a  Model  P4000  pump,  a  Model  AS3000 
injector,  including  temperature  control  for  the  column,  and  a  Model  UV6000LP  Photodiode- 
Array  Detector.  The  separation  was  completed  on  a  Supelcosil  LC-CN  column  (25  cm,  4.6  mm, 
5pm;  Supelco,  Oakville,  ON)  maintained  at  35°  C.  The  mobile  phase  (70  %  aqueous  methanol) 
was  run  isocratically  at  1  mL/min  for  the  entire  run  time  of  14  min.  The  detector  was  set  to  scan 
from  200  to  350  nm.  Chromatograms  were  extracted  at  a  wavelength  of  230  nm  with 
quantification  taken  from  peak  areas  of  external  standards.  Peaks  were  identified  by  comparison 
with  elution  times  for  external  standards  and  UV  spectra.  The  injection  volume  was  50  pL. 
Calibration  standards  (0.05  -  25  mg  of  CL-20  L"1)  were  prepared  by  diluting  (50:50  (v:v)) 
intermediate  acetonitrile  solutions  in  acidified  water  (0.2  g  L  1  sodium  bisulfate). 

Accomplishments 

Because  explosives  are  often  applied  as  mixtures,  it  was  important  to  establish  analytical 
conditions  that  permit  a  good  separation  amongst  CL-20  and  other  energetic  chemicals.  Analysis 
by  HPLC  of  a  mixture  containing  RDX,  HMX  and  CL-20  using  the  previously  mentioned 
conditions  gave  a  well-resolved  chromatogram  with  retention  times  of  4.8  min,  5.9  min  and  8.3 
min,  respectively  (Figure  2).  Peak  areas  were  used  to  quantify  chromatographic  signals  and 
excellent  linearity  was  obtained  over  the  entire  range  of  CL-20  concentrations  used  (0.05  -  25 
mg  L'1)  (y  =  6.4864  x  105  x;  R2  =  0.99996).  The  instrumental  detection  limit  (IDL)  and  the 
instrumental  quantification  limit  (IQL)  were  found  to  be  3  and  9  pg  L  ,  respectively  (RSD  =  3.8 
%  n  =  10). 

Larson  et  al.  (2002)  recently  published  an  HPLC  method  for  analyses  of  CL-20  in  water 
and  soil  samples  but  the  susceptibility  of  CL-20  to  decomposition  was  not  reported.  We  found 
that  CL-20  degrades  significantly  in  aqueous  acetonitrile  media  and  that  degradation  was  more 
rapid  at  21°C  (65  %  after  7  days)  than  at  10°C  (8  %  after  7  days)  (Figure  3).  We  also  found  that 
decomposition  can  be  avoided  by  acidifying  the  medium  to  pH  3  (Figure  3).  Therefore,  in  order 
to  avoid  a  possible  degradation  of  CL-20,  all  aqueous  samples  should  be  analyzed  after  a  50:50 
(v:v)  dilution  with  acidified  CH3CN.  CL-20  is  a  weak  acid  that,  upon  losing  one  of  its  labile 
protons,  can  undergo  decomposition.  It  hydrolyses  in  water  under  rather  mild  alkaline  conditions. 
Since  acetonitrile  is  known  to  be  a  more  powerful  proton  acceptor  than  water  (Buncel  and  Dust, 
2003),  it  may  favor  the  initial  deprotonation  of  CL-20  and  hence  cause  decomposition  even  in 
neutral  media.  Acidification  of  the  media  prevents  the  removal  of  the  labile  proton  from  CL-20, 
thereby  stabilizing  the  chemical. 
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Figure  2  A  typical  HPLC  chromatogram  showing  separation  of  CL-20  from  RDX  and  HMX  (column: 
LC-CN;  mobile  phase:  30  %  water-70%  methanol;  Flow  rate:  1  mL/min;  Detector:  PDA  (A,  =  230  nm)). 


As  a  consequence  of  the  instability  of  CL-20  observed  in  aqueous  acetonitrile  media,  the 
U.S.  EPA  SW-846  method  8330  (USEPA,  1997)  was  slightly  modified  and  the  extract  was 
added  to  a  solution  of  CaCL  containing  0.2  g  L  1  of  sodium  bisulfate  to  bring  the  solution  pH  to 
3.  The  method  detection  limit  (MDL)  and  the  method  quantification  limit  (MQL)  were 
determined  and  found  to  be  0.06  and  0.20  mg  kg"1,  respectively  (n=10;  RSD  =  10.7  %,).  CL-20 
recoveries  were  found  to  stand  within  the  interval:  83%<R<113%  (n=20,  SD  =  4.9  %,  average 
=  97.9  %). 
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Figure  3  Effect  of  acidification  and  temperature  on  the  stability  of  CL-20  in  water/acetonitrile  media. 
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Table  1  Single  laboratory  study:  recovery  data  for  soil  samples  spiked  with  different  concentrations  of 
CL-20  at  BRI. 


Nominal  Cone, 
(mg  kg1) 

% 

water 

Meas.  Cone, 
(mg  kg1) 

SDa 

(n=3) 

%  RSDb 

Mean 

%  Recovery 

1.00 

0 

1.040 

0.156 

14.99 

104.0 

15 

1.015 

0.021 

2.041 

101.5 

50 

1.000 

0.028 

2.771 

100.0 

5.00 

0 

5.107 

0.535 

10.477 

102.1 

15 

5.166 

0.062 

1.202 

103.3 

50 

5.300 

0.080 

1.508 

106.0 

10.00 

0 

10.373 

0.211 

2.037 

103.7 

15 

10.156 

0.188 

1.855 

101.6 

50 

10.400 

0.126 

1.212 

104.0 

100.00 

0 

99.247 

1.385 

1.396 

99.2 

15 

99.354 

1.078 

1.085 

104.0 

50 

101.656 

0.321 

0.315 

101.7 

1,000.00 

0 

978.733 

6.481 

0.662 

97.9 

15 

994.578 

11.404 

1.147 

99.5 

50 

1,001.720 

15.574 

1.555 

100.2 

10,000.00 

0 

10,261.667 

137.114 

1.336 

102.6 

15 

9,669.702 

394.638 

4.081 

96.7 

50 

9,978.400 

334.422 

3.351 

99.8 

a  SD  =  Standard  Deviation;  b  RSD  =  Relative  Standard  Deviation. 


Single  laboratory  precision  method  and  data  recoveries  are  gathered  in  Table  1  for  soil 
samples  spiked  with  different  concentrations  of  CL-20.  Precision  was  good  for  replicate  analyses 
and  excellent  recoveries  (96-106  %)  were  obtained  over  a  wide  range  of  concentrations.  The 
addition  of  water  (0,  0.353,  or  2  mL  of  water,  corresponding  to  soils  containing  0,  15  or  50  % 
moisture,  respectively)  did  not  affect  the  extracted  amounts  of  CL-20.  No  degradation  of  CL-20 
occurred  when  2  mL  of  water  were  added  to  the  10  mL  of  acetonitrile  and  sonicated  for  18  h  at 
20  °C,  thus  demonstrating  the  applicability  of  the  method  to  both  dry  and  wet  samples.  Aging  (21 
days)  of  spiked  samples  with  0  or  15  %  water  showed  that  CL-20  extractability  was  not  affected 
and  that  irreversible  binding  did  not  occur  within  this  period  of  time. 
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V  QC/QA  Interlaboratory  study 


In  order  to  validate  the  SOP  method  developed  in  our  laboratory,  a  QC/QA  study  was 
conducted  between  the  three  groups  involved  in  the  CL-20  SERDP  projects:  CP  1254,  1255, 
1256.  Dried  SSL  soil  (Sassafras  Sandy  Loam  sampled  in  uncontaminated  open  grassland  on  the 
property  of  US  Army  Aberdeen  Proving  Ground,  (Edgewood,  MD))  was  spiked  at  the  ECBC 
(Edgewood  Chemical  Biological  Center,  Edgewood,  MD)  with  four  different  concentrations  of 
CL-20.  The  four  samples  were  then  shipped  to  the  two  other  groups  (PNNL  (Pacific  Northwest 
National  Laboratory  and  BRI)  in  coolers  containing  ice  blocks.  Samples  were  received  at  BRI, 
around  10  days  after  shipment.  The  method  described  above  was  then  applied  in  triplicate  at  BRI 
to  determine  the  concentration  in  each  sample.  Results  were  sent  to  ECBC  for  compilation.  The 
results  obtained  in  the  three  different  laboratories  are  gathered  in  Table  2.  The  reasonably  low 
RSD  values  observed  among  the  three  labs  (10  <  %)  are  indicative  of  a  reliable  analytical  method 
to  evaluate  CL-20  concentrations  in  soil.  Moreover,  the  10  days  spent  at  room  temperature  during 
the  shipping  does  not  seem  to  have  caused  degradation. 
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Table  2  Recovery  data  for  SSL  soil  samples  spiked  with  CL-20:  Interlaboratory  study. 


ECBCa  BRIb  PNNLC  Results  from  the  3  laboratories 


Target  Cone. 

(M-g/g) 

Cone,  in  soil 

( ±  SDd)((ig/g) 

Cone,  in  soil 

( ±  SDd)([ig/g) 

Cone,  in  soil 

(±SDe)0tg/g) 

Mean  Cone. 

in  soil  (|lg/g) 

SD  Cone. 

in  soil  (ftg/g) 

%  RSD 

Mean 

%Recovery 

0.10 

N.d. 

0.112(0.005) 

0.129  (0.013) 

0.120 

0.012 

10.09 

120.41 

0.50 

0.483  (0.032) 

0.525  (0.014) 

0.448  (0.071) 

0.486 

0.039 

7.97 

97.11 

1.00 

0.996  (0.105) 

1.129  (0.055) 

1.130  (0.094) 

1.085 

0.077 

7.07 

108.50 

10.00 

9.387  (1.333) 

10.381  (0.498) 

10.89  (0.401) 

10.219 

0.0765 

7.48 

102.19 

aECBC  =  Edgewood  Chemical  Biological  Center;  bBRI  =  Biotechnology  Research  Institute;  CPNNL  =  Pacific  Northwest  National  Laboratory; d  n=3; e  n=2. 
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VI  Physico-chemical  measurements  of  CL-20 


Results  obtained  in  this  task  have  been  published  in: 

Monteil-Rivera  F,  PaquetL,  Deschcimps  S,  Balakrishnan  VK,  Beaulieu  C,  Hawari  J.  (2003)  Physico¬ 
chemical  measurements  of  CL-20  towards  environmental  applications:  comparison  with  RDX  and  HMX. 
J.  Chromatogr.  A.  1025:  125-132 

Introduction 

To  be  able  to  understand  the  environmental  fate  of  the  emerging  explosive  CL-20  we  must  first 
determine  essential  physico-chemical  parameters  (aqueous  solubility,  octanol-water  partition 
coefficient,  stability  in  water  under  stirring)  for  the  chemical.  Aqueous  solubility  (S)  and  octan- 
1-ol/water  partition  coefficient  (Kow)  values  are  needed  to  predict  potential  migration  of  CL-20 
through  subsurface  soil.  The  aqueous  solubility  (S)  and  the  octanol/water  partition  coefficient 
(KoW)  of  CL-20  have  been  determined  at  various  temperatures  and  at  room  temperature, 
respectively.  Since  CL-20  is  a  cyclic  nitramine,  both  S  and  Kow  have  also  been  measured  for  the 
two  other  known  cyclic  nitramines  RDX  and  HMX  under  similar  conditions  for  comparative 
purposes.  Soil  adsorption/desorption  parameters  were  also  determined,  and  are  presented  and 
discussed  latter  in  the  present  report. 

Material  and  Methods 

Characterization.  CL-20  (purity  99.3  %  determined  by  HPLC)  was  obtained  from  Thiokol 
Propulsion  (Thiokol  Utah  84302  USA),  as  an  £-form  with  >  95  %  as  determined  by  IR. 
Elemental  composition  was  determined  on  a  Carlo  Erba  EA  1108  analyzer  and  was  found  to  be  C 
16.84  %,  N  37.52  %,  H  1.06  %  (calculated  values  for  CeHeNnO^:  C  16.45  %,  N  38.36  %,  H 
1.38  %). 

Nuclear  magnetic  resonance  (NMR)  spectra  were  collected  in  deuterated  acetone:  *H 
NMR  (600.13  MHz,  CD3COCD3)  8  8.34  (s,  4H),  8.20  (s,  2H),  13C  NMR  (150.91  MHz, 
CD3COCD3)  8  75.16  (s,  2C),  72.18  (s,  4C),  13N  NMR  (60.84  MHz,  CD3COCD3)  8  339.5  (s,  4N) 
336.4  (s,  2N),  200.3  (s,  4N),  180.8  (s,  2N). 

Unidentified  impurities  were  detected  during  *H  NMR  analysis  (8  7.9,  7.7,  3.3,  2.9,  1.3),  but  no 
such  impurities  were  detected  in  the  C-NMR  spectrum,  suggesting  that  their  concentrations  are 
low.  The  impurities  are  most  probably  low  molecular  weight  compounds. 


Determination  of  aqueous  solubility  (S)  of  CL-20.  The  solubility  (S)  of  CL-20  was  determined 
in  water  at  temperatures  (T)  of  5,  10,  15,  20,  25,  40  and  60  °C.  An  excess  amount  of  CL-20 
(0.015  g)  was  added  to  100  mL  of  deionized  water  in  a  glass  bottle.  The  samples  were  stirred  at 
the  required  temperature  in  a  thermostated  bath.  After  a  24  h  stirring  period,  the  suspension  was 
allowed  to  set  for  lh  and  an  aliquot  of  supernatant  was  taken  from  the  middle  of  the  solution 
(without  filtration)  and  diluted  1:1  in  methanol.  The  resulting  solution  was  analyzed  by  HPLC. 

Octanol/water  partition  coefficient  (Kow)  of  CL-20.  The  octan-l-ol/water  partition  coefficient, 
Kow,  of  CL-20  was  determined  at  room  temperature  (21  ±  1  °C)  according  to  OECD  guideline 
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107  (OECD,  1981)  with  slight  modifications.  OECD  guideline  requires  the  use  of  solvents 
saturated  with  each  other,  but  due  to  the  low  solubility  of  CL-20  in  water  it  was  not  possible  to 
use  octan-l-ol-saturated  water.  Experiments  were  thus  performed  with  non-saturated  water  and 
octan-l-ol  solutions.  Known  volumes  of  a  filtered  aqueous  solution  of  CL-20  (3.5  mg/L)  were 
added  to  octan-l-ol  in  a  16-mL  PTFE-lined  capped  glass  tube.  The  resulting  mixtures  were 
equilibrated  by  periodical  shaking  (4  cycles  of  10  min)  and  centrifuged  (2700  rpm).  Each  phase 
was  analyzed  for  its  content  of  CL-20  using  HPLC.  However,  the  octanol  phase  was  diluted  (1:3) 
with  a  solution  containing  70  %  methanol  in  water  prior  to  analysis.  Experiments  were  run  in 
triplicate  using  different  ratios  of  octanol  to  water  and  different  amounts  of  CL-20.  Kow  was 
calculated  as  the  ratio  (CL-20  concentration  in  the  aqueous  phase  /  CL-20  concentration  in  the 
octanol  phase). 


Accomplishments 

Solubility  of  CL-20  in  water  is  presented  in  Figure  4  as  a  function  of  temperature.  We 
found  that  a  slight  change  in  temperature  can  drastically  affect  solubility  of  CL-20  in  water.  In 
general,  water  solubility  of  CL-20  at  room  temperature  (20°C)  was  found  to  be  around  3.5  mg/L. 


Figure  4  Solubility  of  CL-20  in  water  as  a  function  of  temperature. 


For  ideal  solutions,  the  amount  of  a  compound  present  in  solution  at  saturation  can  be  estimated 
using  equation  (1). 


In  xB 


AfusHYl 


R 


1 


A 


T  T 


(1) 


where  xB  =  mole  fraction  of  solute,  AtusH  =  enthalpy  of  fusion  of  solute,  R  =  ideal  gas  constant,  T 
=  temperature  at  which  equilibrium  is  considered,  T*  =  melting  temperature  of  solute.  Aqueous 
solutions  of  explosives  are  not  ideal,  but  the  S-T  relationship  can  follow  equation  (2)  as 
described  by  Lynch  et  al.  (2001). 


In  S  =  A - 

T 

Where  S  =  solubility  and  A  and  B  =  arbitrary  constants. 


(2) 
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Data  were  plotted  as  InS  vs.  1/T  (K)  and  linear  regression  was  performed  as  shown  in  Figure  5. 
For  comparison,  solubility  data  measured  under  similar  conditions  for  RDX  and  HMX  were  also 
plotted  (Figure  5).  The  solubility  of  CL-20  was  found  to  follow  equation  (2)  (with  A  and  B  equal 
to  13.54  and  3578,  respectively).  Figure  5  clearly  demonstrates  that  the  solubility  of  CL-20  is 
much  lower  than  that  of  RDX.  The  comparison  with  the  solubility  of  HMX  is  more  complex 
since  CL-20  is  more  soluble  than  HMX  at  lower  temperatures  but  the  trend  is  reversed  at 
temperatures  above  20°C. 


1/T(K) 


Figure  5  Compared  solubilities  of  RDX,  HMX  and  CL-20  in  water. 


In  an  effort  to  enhance  the  solubility  of  CL-20  in  water,  we  used  cyclodextrins  (CDs)  and 
measured  their  binding  constants.  Two  CDs  were  used:  Hydroxypropyl-P-cyclodextrin  (HP- (3- 
CD)  and  heptakis-2,6-di-0-methyl-P-cyclodextrin  (DM-fl-CD).  An  excess  of  CL-20  (300  mg/L) 
was  combined  with  increasing  concentrations  of  CD  (0  -  5  %  w/v),  CL-20  solubility  was 
measured  after  18  hours  of  equilibration  at  room  temperature  (21  ±  1  °C)  and  the  value  was 
compared  to  the  solubility  measured  without  cyclodextrine  ( [CL-20]  o)  (Figure  6). 

As  with  RDX  and  HMX,  the  aqueous  solubility  of  CL-20  increases  with  temperature,  but 
to  a  lesser  extent.  The  solubility  of  CL-20  is  much  lower  than  that  of  RDX,  whereas  the 
comparison  with  HMX  is  more  complex:  CL-20  is  more  soluble  than  HMX  at  lower 
temperatures  but  the  trend  is  reversed  at  temperatures  above  20°C. 

Three  different  sets  of  conditions  were  used  for  each  explosive  and  each  set  was  run  in 
triplicate.  The  average  of  the  nine  measurements  is  reported  in  Table  3.  Regardless  of  the 
octanol/water  ratios  used,  Kow  values  remained  basically  constant  and  a  value  of  82.6  ±  0.9  (Log 
Kow  =  1.92  ±  0.02)  was  obtained  for  CL-20,  significantly  higher  than  the  partition  coefficients  for 
RDX  (8.0  ±  0.6)  and  HMX  (1.46  ±  0.02).  This  finding  suggests  that  CL-20  will  sorb  onto  soils 
more  strongly  than  RDX  and  HMX  and  that  this  hydrophobic  interaction  will  be  particularly 
important  in  soils  containing  high  amounts  of  organic  matter. 
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Figure  6  Solubility  of  CL-20  in  water  in  presence  of  cyclodextrines. 


Table  3  Aqueous  solubilities  (S)  of  RDX,  HMX  and  CL-20  as  a  function  of  temperature  and  log  Kow 
values  measured  at  ambient  temperature. 


T(°C) 

Aqueous  Solubility  (mg  L'1)  (±  SD; 

n=3) 

RDX 

HMX 

CL-20 

5 

16.01  (0.16) 

1.32  (0.16) 

1.97  (0.08) 

10 

22.19(0.12) 

1.67  (0.14) 

2.12(0.04) 

15 

29.67  (0.57) 

2.27  (0.09) 

2.48  (0.02) 

20 

42.58  (1.32) 

3.34  (0.12) 

3.16(0.04) 

25 

56.35  (1.79) 

4.46  (0.03) 

3.65  (0.04) 

30 

n.d.a 

n.d. 

4.89  (0.03) 

40 

122.94  (0.94) 

11.83  (0.09) 

7.39  (0.06) 

50 

n.d. 

n.d. 

11.62  (0.01) 

60 

342.71  (3.25) 

39.69  (2.24) 

18.48  (0.80) 

T(°C) 

Log  Kow  (±  SD;  n=9) 

RDX 

HMX 

CL-20 

21 

0.90  (0.03) 

0.165  (0.006) 

1.92  (0.02) 

a  n.d.:  Non  determined. 
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VII  Hydrolysis  of  CL-20  in  aqueous  solution 


This  work  was  published  in: 

Balakrishnan  VK,  Halasz  A,  Hawari  J.  (2003)  Alkaline  hydrolysis  of  the  cyclic  nitramine  explosives 
RDX,  HMX  and  CL-20:  New  insights  into  degradation  pathways  obtained  by  the  observation  of  novel 
intermediates.  Environ.  Sci.  Technol.  37:  1838-1843. 


Introduction 

Since  the  end  products  of  the  mono  cyclic  nitramine  RDX  decomposition  during 
enzymatic  biodegradation  with  strain  DN22  (Fournier  et  al.,  2002)  were  similar  to  those  obtained 
via  both  alkaline  hydrolysis  (Hoffsommer  et  al.,  1997;  Heilmann  et  al.,  1996)  and 
photodenitration  (Hawari  et  al.,  2002),  we  hypothesize  that  following  initial  denitration  of  the 
cyclic  nitramine,  ring  cleavage  and  subsequent  decomposition  is  largely  dictated  by  the  aqueous 
chemistry  of  the  resulting  intermediates.  Therefore,  if  other  cyclic  nitramines  such  as  CL-20 
produce  end  products  similar  to  those  of  RDX,  then  one  may  assume  that  their  decomposition 
mechanisms  resemble  those  described  for  RDX.  Hence,  our  objectives  in  the  present  study  were: 
1)  to  determine  whether  CL-20  hydrolyzes  in  aqueous,  alkaline  (pH  10)  solutions;  2)  to  identify 
end  products  and  compare  them  to  RDX  and  HMX  end-products;  and  3)  to  increase  CL-20 
concentrations  in  aqueous  acetonitrile  solutions  to  observe  and  identify  early  intermediates  that 
could  give  insight  into  initial  steps  involved  into  the  hydrolysis  mechanism. 

Material  and  Methods 

Hydrolysis  in  aqueous  solution.  To  a  series  of  dry  20  mL  vials  (each  wrapped  in  Aluminum 
foil)  was  added  an  aliquot  (100  |lL)  of  CL-20  stock  solution  prepared  in  acetone  (10,000  mg/L). 
The  acetone  was  evaporated  in  a  fume  hood,  followed  by  the  addition  of  10  mL  of  a  NaOH 
solution  (pH  10)  to  give  a  final  CL-20  concentration  of  100  mg  L.  The  initial  concentration  was 
kept  well  in  excess  of  the  maximum  solubility  of  CL-20  in  water  (ca.  3.5  mg  L _1)  in  an  attempt  to 
generate  sufficient  amounts  of  intermediates  to  allow  detection.  The  vials  were  sealed  with 
Teflon  coated  serum  caps  and  placed  in  a  thermostated  benchtop  shaker  at  30°C  and  200  rpm. 
Some  vials  were  sparged  with  argon  for  2  hours  to  allow  analysis  for  N2.  We  used  a  gas-tight 
syringe  to  measure  gaseous  products  (NoO  and  N2)  in  the  head  space  but  for  the  analysis  of  the 
liquid  medium  we  first  quenched  the  reaction  by  adding  HC1  in  a  CH3CN  solution  (10  mL)  (pH 
4.5).  Acetonitrile  was  used  to  solubilize  unreacted  starting  material  for  subsequent  analysis.  The 
quenched  vials  were  then  stored  in  a  refrigerator  at  4°C  until  analyzed. 

Hydrolysis  in  aqueous  acetonitrile.  A  dry  100-mL  vial  (wrapped  in  Aluminum  foil)  was 
charged  with  approximately  0.5  g  (1.14  mmol)  CL-20,  50  mL  HPLC  grade  acetonitrile,  and  0.1 
N  NaOH  (50  mL).  The  resulting  solution  had  an  initial  CL-20  concentration  of  50  mg  L  1  and  a 
pH  of  12.7.  The  vial  was  sealed  with  a  Teflon  coated  serum  cap,  and  placed  in  a  thermostated 
benchtop  shaker  at  30°C  and  200  rpm.  The  reaction  was  quenched  by  bubbling  CO2  (an  acid) 
into  the  solution  until  the  pH  decreased  to  6  (approximately  3  minutes  of  bubbling  time 
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required).  The  mixture  was  then  concentrated  under  reduced  pressure  (18  mm  Hg),  and 
lyophilized  for  subsequent  analysis  (see  below). 

Analytical  Procedures.  The  concentration  of  CL-20  was  determined  using  HPLC  as  described  in 
section  V.  Formaldehyde  (HCHO)  (Summers,  1990)  and  nitrous  oxide  (N2O)  (Sheremata  and 
Hawari,  2000b)  were  analyzed  as  described  previously.  Nitrate  (NO3"),  formate  (HCOO)  and 
ammonium  (NH4+)  were  performed  by  capillary  electrophoresis  on  a  Hewlett-Packard  3D-CE 
equipped  with  a  Model  1600  photodiode  array  detector  and  a  HP  capillary  part  number  1600- 
61232.  The  total  capillary  length  was  64.5  cm,  with  an  effective  length  of  56  cm  and  an  internal 
diameter  of  50  pm .  For  nitrite,  nitrate  and  formate,  analyses  were  performed  using  sodium  borate 
(25  mM)  and  hexamethonium  bromide  (25  mM)  electrolytic  solution  at  pH  9.2  (Okemgbo  et  al., 
1999).  The  ammonium  cation  was  analyzed  using  a  formic  acid  (5  mM),  imidazole  (10  mM)  and 
18-crown-6  (50  mM)  electrolytic  solution  at  pH  5.  In  all  cases,  UV  detection  was  performed  at 
215  nm  (Beck,  1994). 

A  Micromass  bench-top  single  quadrupole  mass  detector  attached  to  a  Hewlett  Packard 
1100  Series  HPLC  system  equipped  with  a  PDA  detector  was  used  to  analyze  for  CL-20  ring 
cleavage  intermediates.  The  samples  were  injected  into  a  4  pm-pore  size  Supelcosil  CN  column 
(4.6  mm  ID  by  25  cm;  Phenomenex,  Torrance,  Ca)  at  35°C.  The  solvent  system  was  composed  of 
20%  acetonitrile:  80  %  water  (v/v).  Lor  mass  analysis,  ionization  was  performed  in  a  negative 
electrospray  ionization  mode,  ES(-),  producing  mainly  the  deprotonated  molecular  mass  ions  [M- 
H].  The  mass  range  was  scanned  from  30  to  400  Da  with  a  cycle  time  of  1.6  s,  and  the  resolution 
was  set  to  1  Da  (width  at  half  height). 

Accomplishments 

Briefly,  we  hydrolyzed  CL-20  in  aqueous  solution  and  the  resulting  time  profile  of  CL-20 
disappearance  and  products  appearance  is  shown  in  Ligure  7.  We  found  that  the  removal  of  the 
nitramine  was  accompanied  by  the  formation  of  two  molar  equivalents  of  nitrite  and  the 
formation  of  nitrous  oxide,  formate  and  ammonium  (Table  4).  4-nitro-2,4-diazabutanal  (4- 
NDAB),  an  important  end-product  detected  with  RDX  and  HMX,  was  not  formed  here  due  to  the 
presence  of  C-C  bonds  (elongated)  in  the  rigid  caged  polycyclic  CL-20  that  are  absent  in  the  case 
of  RDX  and  HMX  (see  structures  Ligure  1). 


Table  4  Normalized  molar  yields  for  the  products  obtained  upon  alkaline  hydrolysis  (pH  10)  of  CL-20.a 


NOf 

N20 

nh4+ 

HCHO 

HCOO 

1.91  ±0.09 

0.91  ±0.10 

0.79  ±  0.05 

Not  formed 

0.493  ±  0.007 

a  Stoichiometries  are  calculated  based  on  the  number  of  moles  of  product  observed  for  each  mole  of  CL-20 
consumed.  Standard  deviations  result  from  duplicate  measurements. 
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CL-20  disappeared  at  a  faster  rate  (1.09  x  10~2  h'1)  than  did  either  RDX  (7.21  x  10  3  h'1) 
or  HMX  (~1  x  10  4  h'1)  under  similar  conditions.  Our  findings  indicate  that,  as  we  observed  with 
RDX  and  HMX,  initial  denitration  appears  to  play  a  critical  role  in  initiating  the  decomposition 
of  this  polycyclic  nitramine. 


0  20  40  60  80  100  120  140  160 

Time  (h) 

Figure  7  Time  course  for  the  alkaline  hydrolysis  (pH  10)  of  CL-20  at  30°C  and  formation  of  nitrite 
(NO2"),  nitrous  oxide  (N20),  ammoniac  (NH3)  and  formate  (HCOO ).  Note  that  N02"  is  present  at  t  =  0. 
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VIII  Photodegradation  of  CL-20  in  aqueous  solutions 


The  work  conducted  under  this  task  was  published  in: 

Hawciri  J,  Deschcimps  S,  Beaulieu  C,  Paquet  L,  Halasz  A.  (2004)  Photodegradation  of  CL-20:  insights 
into  the  mechanisms  of  initial  reactions  and  environmental  fate.  Water  Res.  38:  4055-4064. 


Introduction 

The  understanding  of  the  photodegradation  mechanisms  of  a  chemical  is  a  necessary  step 
to  predict  its  fate  and  its  impact  in  natural  environment.  As  far  as  we  are  aware  little  information 
is  available  on  the  photodegradation  of  CL-20  in  solution.  Pace  and  Kalyanaraman  (1993) 
reported  the  cleavage  of  an  N-NCL  bond  during  CL-20  photolysis  by  trapping  the  generated  NCL 
radical  in  DMSO  and  detecting  the  spin  adduct  using  ESR  spectroscopy.  No  other  information  on 
the  identity  of  the  degradation  products  was  provided.  On  the  other  hand,  solid-state 
photochemistry  of  the  energetic  chemical  has  been  reported  by  Pace  (1991)  and  Ryzhkov  and 
McBride  (1996)  and  was  suggested  to  proceed  via  the  initial  cleavage  of  an  N-NOo  bond. 
Recently  we  discovered  that  initial  denitration  of  RDX  by  photolysis  (Hawari  et  al.,  2002)  led  to 
ring  cleavage  and  effective  decomposition  with  a  product  distribution  including  HCHO, 
HCOOH,  NPLCHO,  NH3,  NO?’,  NO3",  and  N?0.  Since  CL-20  is  also  a  cyclic  nitramine  with  C- 
N-NO2  linkages,  we  assumed  that  it  could  undergo  decomposition  following  a  similar  initial 
denitration  reaction  in  water.  Our  objective  in  the  present  study  was  thus  to  test  this  hypothesis. 
In  order  to  do  so,  we  photolyzed  CL-20  in  aqueous  and  CH3CN/LLO  solutions  using  a  Rayonet 
photoreactor  (254  -  350  nm)  and  sunlight  and  attempted  to  identify  intermediate  products  that 
could  provide  insight  into  the  initial  photodegradation  step  mechanism. 


Material  and  Methods 

18  18 

Chemicals.  Acetonitrile,  formic  acid,  formaldehyde,  D20,  H2  O  and  CL  were  obtained  from 
Aldrich,  Canada. 

Irradiation  Experiments.  A  Rayonet  RPR- 100  photoreactor  fitted  with  a  merry-go-round 
apparatus  (Southern  New  England  Co,  Hamden,  CT)  equipped  with  either  sixteen  254  nm  (35 
watts),  300  nm  (21  watts)  or  350  nm  (24  watts)  fluorescent  lamps  were  used  as  light  sources.  In 
some  experiments  photolysis  was  conducted  using  sunlight.  Photolysis  was  conducted  in  20  mL 
quartz  tubes  each  charged  with  a  10  mL  of  aqueous  or  aqueous  acetonitrile  solutions  (50  %  v/v) 
of  CL-20  (3.5  mg/L  and  50  mg/L,  respectively).  Acetonitrile  was  used  to  increase  solubility  of 
CL-20  in  an  attempt  to  generate  sufficient  amounts  of  intermediates  to  allow  detection. 

Photolysis  was  carried  out  in  either  degassed  (Ar  bubbling)  or  non-degassed  (with  CL  or 

1  8 

CL  bubbling)  tubes  sealed  with  Teflon  coated  mininert  valves.  Controls  containing  CL-20  were 
kept  in  the  dark  during  the  course  of  the  experiment.  To  determine  the  role  of  water  in  the 
photolysis  process  we  photolyzed  CL-20  (3.5  mg/L)  in  the  presence  of  D20  and  H2  O.  The 
temperature  of  the  reactor  was  maintained  at  25  °C. 
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Analytical  methods.  A  Bruker  bench-top  ion  trap  mass  detector  attached  to  a  Hewlett  Packard 
1100  Series  HPLC  system  equipped  with  a  PDA  detector  was  used  to  analyze  for  CL-20  and  its 
intermediates.  The  samples  were  injected  into  a  5  pm -pore  size  Zorbax  SB-C18  capillary  column 
(0.5  mm  ID  by  150  mm;  Agilent,  CA)  at  25°C.  The  solvent  system  was  composed  of  a 
CHjCN/Watcr  gradient  (30  %  v/v  to  70  %  v/v)  at  a  flow  rate  of  15  pL/min.  For  mass  analysis, 
ionization  was  performed  in  a  negative  electrospray  ionization  mode,  ES(-),  producing  mainly 
the  deprotonated  molecular  mass  ions  [M-H].  The  mass  range  was  scanned  from  40  to  550  Da. 

The  concentration  of  CL-20  was  followed  by  HPLC  as  described  earlier.  Lormic  acid 
(HCOOH),  nitrite  (NCV)  and  nitrate  (NO3')  were  measured  using  an  HPLC  from  Waters  (pump 
model  600  and  auto-sampler  model  717  plus)  equipped  with  a  conductivity  detector  (model  430). 
The  acetonitrile  content  of  the  sample  was  removed  under  a  high  flow  of  helium  before  injection. 
The  separation  was  made  on  a  Dionex  IonPac  AS  15  column  (2  x  250  mm).  The  mobile  phase 
was  30  mM  KOH  at  a  flow  rate  of  0.4  mL/min  and  40°C.  The  detection  of  anions  was  enhanced 
by  reducing  the  background  with  an  autosuppressor  from  Altech  (model  DS-Plus).  Detection 
limits  were  100  ppb  for  formate  and  nitrate  and  250  ppb  for  nitrite.  Ammonium  cation  was 
analyzed  using  a  SP  8100  HPLC  system  equipped  with  a  Waters  431  conductivity  detector  and  a 
Hamilton  PRP-X200  (250  mm  x  4.6  mm  x  10  pm)  analytical  cation  exchange  column  as 
described  earlier  (Hawari  et  al.,  2001).  Analysis  of  No  and  N2O  was  carried  as  previously 
described  (bournier  et  al.,  2002).  bormaldehyde  (HCHO)  was  analyzed  as  described  by 
Summers  (1990)  and  Hawari  et  al.  (2002). 


Accomplishments 

Photodegradation  of  CL-20  in  aqueous  solutions.  We  found  that  photolysis  of  CL-20  in 
aqueous  (3.5  mg/L)  or  CHsCN/water  (50  mg/L)  solutions  (50  %  v/v)  at  300  nm  led  to  the 
disappearance  of  the  energetic  chemical,  but  the  presence  of  CH3CN  increased  solubility  of  the 
energetic  chemical  and  consequently  led  to  the  accumulation  of  sufficient  amounts  of  products 
that  facilitated  detection.  The  removal  of  CL-20  at  300  nm  was  accompanied  with  the  concurrent 
formation  and  accumulation  of  nitrite  (NO2  ),  nitrate  (NO3'),  ammonia  (NH3)  and  formic  acid 
(HCOOH)  (Ligure  8).  Nitrogen  (N2)  and  nitrous  oxide  (N2O)  were  detected  in  trace  amounts. 
Apparently  NO3"  was  produced  from  photo-oxidation  of  NO2".  Bose  et  al.  (1998)  reported  that 
photo-oxidation  of  the  cyclic  nitramine  RDX  with  ozone  at  230  nm  also  produced  nitrate. 

Photolysis  of  CL-20  at  either  350  nm  or  with  sunlight  gave  a  similar  product  distribution 
but  at  rates  much  lower  than  those  observed  using  the  Rayonet  photoreactor  at  shorter 
wavelengths.  In  dark  controls  containing  CL-20  in  either  water  or  CH3CN/water,  no  appreciable 
reduction  in  the  concentration  of  the  energetic  chemical  was  observed  within  the  time  course  of 
the  experiment. 
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Figure  8  A  time  course  study  for  the  photolysis  of  CL-20  (1.20  pmolcj  at  300  nm  and  25  °C  in 
CH3CN/water  solutions  (50  %  v/v)  showing  formation  of  nitrite  (NOf),  nitrate  (NOf),  ammonium 
(NH4+)  and  formic  acid  (HCOOH). 


In  general  we  found  that  the  present  photodegradation  of  the  caged  structure  polycyclic 
nitramine  CL-20  was  much  more  rapid  than  RDX  (Hawari  et  al.,  2002).  The  extreme  reactivity 
of  CL-20  as  compared  to  monocyclic  nitramines  has  also  been  noted  during  their  thermal 
decomposition  (Oxley  et  al.,  1994,  Korsounskii  et  al.,  2000).  Korsounskii  et  al.  (2000)  found  that 
the  thermal  decomposition  of  HMX  and  CL-20  in  solution  proceeded  via  N-NO2  cleavage  with 
first  order  rate  constants  (k)  of  1.6  x  10"  and  4.4  x  10"  s"  ,  respectively.  The  increased  ring  strain 
in  CL-20  was  suggested  to  accelerate  the  decomposition  of  the  energetic  chemical  as  compared 
to  the  less  strained  monocyclic  nitramines  (Oxley  et  al.,  1994). 

Intermediates  and  insight  into  the  mechanisms  of  initial  reactions.  Figure  9A  is  a  typical 
LC/UV  chromatogram  of  a  photolyzed  mixture  of  CL-20  in  acetonitrile/water  solution  taken  after 
30  s  of  photolysis  at  254  nm,  and  Figures  9  B-E  represent  the  extracted  ion  chromatogram  of  CL- 
20  (I)  and  various  suspected  intermediates  (II  to  VI)  detected  as  their  adduct  mass  ([M  +  NO3"]") 
or  deprotonated  molecular  ([M  -  H]")  mass  ions.  The  LC/MS  (ES-)  spectra  of  CL-20  (I)  and  its 
initial  intermediates  (II  to  VI)  are  presented  in  Figures  10  I- VI,  respectively. 
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Figure  9  LC/UV  (230  nm)  (A)  and  LC/MS  (ES-)  extracted  ion  chromatograms  of  CL-20  and  its 
products  after  30  s  of  photolysis  at  254  nm.  Extracted  mass  ion  adducts  [M  +  NO3  ]  were  500  Da  (B,  I), 
484  Da  (C.  II)  and  deprotonated  mass  ion  [M  -  H]  were  408  Da  (D,  III  and  IV)  and  345  Da  (E,  V  and 
VI). 
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Figure  10  LC/MS  (ES-)  spectra  of  CL-20  (I)  and  its  initial  intermediates  (II  to  VI)  observed  during 
photolysis  at  254  nm  in  MeCN/H20  (50  %  v/v),  (a)  from  non-labeled  and  (b)  from  uniformly  ring  labeled 
15N-[CL-20], 


Photorearranged  product.  Peak  I  with  a  retention  time  (r.t.)  of  18.2  min  was  that  of  CL-20 
which  appeared  as  a  nitrate  adduct  [M  +  NO3  ]  at  500  Da  (Figures  9  B  and  10-la).  Such  adducts 
have  been  detected  during  the  LC/MS  (ES-)  analysis  of  RDX  (Zhao  and  Yinon,  2002),  while 
peaks  II  to  VI  represented  the  intermediate  products  of  I.  Peak  II,  appearing  at  18  min.,  was  only 
detected  in  trace  amounts  and  showed  a  [M  -  H]  molecular  mass  ion  at  421  Da,  matching  a 
molecular  formula  of  CeFENnOn.  The  mass  spectrum  of  II  showed  another  characteristic  mass 
ion  at  484  Da  representing  the  nitrated  mass  ion  adducts  [M  +  NO3’].  Using  the  ring  labeled  15N- 
CL-20  the  previously  detected  mass  ions  (421  and  484  Da)  for  II  were  observed  at  427  and  490 
Da  (an  increase  of  6  amu),  respectively,  suggesting  the  involvement  of  the  6  ring  15N  atoms  in 
the  intermediate  (Figure  10-b).  We  tentatively  identified  II  as  the  mononitroso  derivative  of  CL- 
20  (Fig.  9C  and  10-IIa,  and  b).  It  has  been  reported  that  thermolysis  (Shu  et  al.,  2002)  and 
photolysis  (Peyton  et  al.,  1999)  of  RDX  can  lead  to  the  formation  of  the  nitroso  product  via 
homolysis  of  an  N-NO2  bond  followed  by  a  secondary  reaction  that  involved  the  generated  N 
centered  species  and  nitric  oxide  (NO).  Also  RDX  (Zuckermann  et  al.,  1987;  Capellos  et  al., 
1989)  and  HMX  (Zuckermann  et  al.,  1987)  have  been  reported  to  photodissociate  to  produce  ‘OH 
radical  via  a  five  membered  ring  intermediate  formed  by  a  transfer  of  H  from  a  a-CH  to  one  of 
the  two  oxygens  in  a  N-NO2  (1,5-H  shift)  bond  in  the  molecule.  The  subsequent  loss  of  OH  from 
the  five  membered  ring  would  yield  a  product  with  a  nitroso  functionality. 

We  presume  that  both  rearrangements  described  above  for  monocyclic  nitramines  RDX 
and  HMX  might  also  be  applicable  to  polycyclic  nitramines  such  as  CL-20. 

The  other  two  small  peaks  III  and  IV,  which  appeared  at  r.t.  of  16.2  and  15.3  min, 
respectively,  each  showed  a  [M  -  H]  at  408  Da  matching  a  molecular  formula  of  C6H7NnOn 
(Ligures  9  D  and  10-nia,IVa).  Also  a  characteristic  mass  ion  at  471  Da  appeared  for  each  of  the 
two  products  (HI  and  IV),  representing  a  nitrate  molecular  mass  ion  adducts  [M  +  NO3'].  When 
we  photolyzed  the  ring  labeled  15N-[CL-20]  the  previously  detected  mass  ions  for  III  and  IV  were 
observed  at  414  Da  (an  increase  of  6  amu),  suggesting  once  again  the  presence  of  the  6  15N  ring 
atoms  in  each  of  the  two  intermediates  (Ligure  10b).  We  tentatively  identified  the  intermediates 
as  either  a  photorearranged  carbinol  (III)  or  a  rearranged  ketone  (IV)  formed  via  initial  loss  of 
1NO  from  CL-20  and  the  gain  of  1H  from  water  (Ligure  11).  Bulusu  et  al.  (1970)  reported 
similar  rearrangements  during  electron  impact  -  spectrometric  analysis  of  cyclic  nitramines. 

When  photolysis  was  conducted  in  either  H2  O  or  D2O  the  408  Da  intermediate  was  observed  at 
408  and  409  Da,  respectively,  suggesting  that  water  acted  as  H  (or  D)  donor  during  its  reaction 
with  CL-20  (Ligure  11).  The  presence  of  O2  during  photolysis  did  not  affect  the  detected  mass 
ions,  but  we  detected  the  labeled  180  in  nitrate  (NIS0I602~)  only. 

Cleavage  of  N-NO2.  The  two  LC/MS  peaks  V  and  VI,  with  retention  times  at  9.0  and  9.9  min, 
respectively,  showed  the  same  [M  -  H]‘  at  345  Da  and  matched  a  molecular  formula  of 
CeHeNioOg  (Ligures  9  E  and  10-V,VI).  Once  again  when  we  photolyzed  the  ring  labeled  15N- 
[CL-20]  the  two  intermediates  V  and  VI  showed  their  [M-H]  at  351  Da  (an  increase  of  6  amu), 
suggesting  the  involvement  of  6  15N  atoms  in  the  formation  of  each  product  (Ligure  10b).  We 
tentatively  identified  V  and  VI  as  a  pair  of  isomers  of  the  diene  products  formed  after  the 
successive  loss  of  two  nitro  groups  from  CL-20  (Ligure  12). 
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Figure  11  Postulated  photorearrangement  route  of  CL-20  at  300  nm  in  CH3CN/water  (50  %  v/v). 
Bracketed  compounds  were  not  observed. 
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Figure  12  Postulated  photodenitration  route  of  CL-20  at  300  nm  in  an  aqueous  acetonitrile  solution. 
Bracketed  compounds  were  not  observed. 


We  also  detected  an  intermediate  with  a  r.t.  at  2.0  min.  and  a  [M  -  H]"  at  381  Da  with  a 
characteristic  mass  ion  fragment  at  190  Da,  matching  a  molecular  formula  of  C6Hi0NioOio. 
When  conducting  photolysis  of  CL-20  in  either  H2  O  or  D20  the  381  Da  products  appeared  at 
385  Da  and  its  mass  ion  fragment  appeared  at  192  Da,  suggesting  that  2  H20  molecules  reacted 
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with  the  former  product  (V)  (Figure  13).  We  presume  that  both  rearrangements  described  above 
for  monocyclic  nitramines  RDX  and  HMX  might  also  be  applicable  to  polycyclic  nitramines 
such  as  CL-20. 


Figure  13  Postulated  secondary  decomposition  routes  following  initial  denitration  of  CL-20.  Bracketed 
compounds  were  not  observed. 


When  photolysis  was  repeated  in  the  presence  of  CL  no  O  was  detected  in  either 
intermediate.  The  intermediate  was  tentatively  identified  as  the  hydrolytic  ring  cleavage  product 
(VII)  of  the  diene  V  (or  VI)  (Figure  13).  Previously  we  found  that  following  RDX 
photodenitration  H2O  reacts  with  the  generated  enamine  bond  (-C=N-)  to  produce  an  unstable 
carbinol  that  dissociates  rapidly  in  water  to  HCHO,  NoO  and  4-nitro-2,4-diazabutanal  (Hawari  et 
al.,  2002).  We  thus  suggest  that  a  similar  pathway  might  be  responsible  for  the  formation  of  VII 
during  the  photolysis  of  the  polycyclic  nitramine  CL-20  (Figure  13). 

Reaction  stoichiometry  and  regioselectivity  of  denitration.  Figure  8  shows  that  the  initial 
disappearance  of  the  energetic  chemical  at  300  nm  (0.168  pmol.min  'j  was  accompanied  with  the 
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formation  of  NCL  (0.237  (imol.min1),  HCOOH  (0.219  (imoLmin1)  and  NH3  (0.011  jimol.min'1). 
The  formation  of  NO2’  and  HCOOH  was  concurrent  with  the  disappearance  of  CL-20,  but  NH3 
seemed  to  appear  only  after  5  min  of  photolysis.  The  delay  in  the  detection  of  NH3  as  shown  in 
Figure  8  suggested  the  involvement  of  an  inner  aza  N  in  its  formation  which  first  necessitated 
ring  cleavage  following  denitration. 

After  16  h,  the  reaction  stoichiometry  for  the  reacted  CL-20  (1.2  pmol)  was  6.11  pinole 
for  NCK  and  NO3",  1.65  pmole  for  NH3  and  6.34  pmole  for  HCOOH,  suggesting  that 
approximately  5  of  6  peripheral  NO2  and  5.3  carbon  atoms  in  CL-20  were  detected  in  the  form  of 
NO2"  and  HCOOH,  respectively.  The  remaining  nitrogen  (mainly  ring  aza)  was  involved  in  the 
production  of  N2O  (0.267  pmol),  N2  (trace)  and  unidentified  products. 

The  rapid  initial  formation  of  nitrite  and  most  importantly  HCOOH  was  more  likely 
attributed  to  an  initial  denitration  step  followed  by  a  rapid  ring  cleavage  possibly  at  the  elongated 
C-C  bond  bridging  the  two  cyclopentane  rings  (Figure  12).  We  suggested  that  following 
homolysis  of  an  N-NO2  bond,  the  resulting  N-centered  free  radical  would  undergo  a  rapid 
rearrangement  to  get  rid  of  the  strained  rigid  structure  with  the  loss  of  another  NCL  radical  to 
give  the  diene  V  (or  its  isomer  VI)  (Figure  12).  Patil  and  Brill  (1991)  reported  that  following  N- 
NO2  homolytic  cleavage  of  CL-20  the  molecule  could  undergo  rapid  ring  opening  to  rid  itself 
from  the  strained  rigid  structure.  The  diene  V  (Figure  12)  has  two  reactive  allylic  N-NO2  bonds 
that  might  also  undergo  rapid  homolytic  cleavage  with  light,  supporting  the  rapid  release  of  4 
NO2’  as  nitrite  ion  during  the  first  10  min  of  photolysis  (Figure  8).  Several  researchers  studied  the 
regioselectivity  of  cleaving  the  N-NO2  bond  during  photolysis  of  CL-20  in  the  solid  phase  (Pace, 
1991;  Ryzhkov  and  McBride,  1996)  and  concluded  that  one  of  the  N-NO2  bonds  located  at  one 
of  the  two  five-member  rings  in  CL-20  are  preferentially  cleaved.  The  formation  of  NO2’  during 
photolysis  of  CL-20  can  be  achieved  by  either  concerted  elimination  of  HONO  or  direct 
homolysis  of  an  N-NO2  bond.  Such  reactions  have  been  frequently  reported  to  occur  during 
photolysis  of  RDX  and  HMX  (Zuckermann  et  al.,  1987;  Capellos  et  al.,  1989;  Peyton  et  al., 
1999;  Hawari  et  al.,  2002).  The  energy  associated  with  254  and  300  nm  is  472  and  400  kJ  mol'1, 
respectively,  and  therefore  either  wavelength  should  be  sufficient  to  cleave  the  N-NO2  bond(s) 
(BDE  204.9  kJ  mol1;  Behrens  and  Bulusu,  1991)  in  CL-20. 

The  secondary  reactions  responsible  for  the  formation  of  products  such  as  HCOOH,  NH3 
and  N2  are  not  clear  yet.  However,  we  presumed  that  the  decomposition  of  the  unstable  diols 
(VII)  (Figure  13)  of  the  diene  V  (or  its  isomer  VI)  would  lead  to  their  formation.  Likewise  the 
hydrolytic  decomposition  of  either  intermediate  III  or  IV  (Figure  11)  could  lead  to  HCOOH,  NH3 
and  NO2".  Interestingly,  when  we  hydrolyzed  CL-20  at  pH  10  we  found  that  the  removal  of  the 
nitramine  was  accompanied  by  the  formation  of  2,  1  and  0.5  molar  equivalents  of  NCL  ,  NH3  and 
HCOOH,  respectively  (Balakrishnan  et  al.,  2003).  We  also  showed  that  a  denitrifying  bacterium 
( Pseudomonas  strain  FA1)  could  degrade  the  energetic  chemical  via  initial  enzymatic  denitration 
to  produce  nitrite,  nitrous  oxide  and  HCOOH  (Bhushan  et  al.,  2003a).  The  striking  similarity  in 
the  product  distribution  of  the  present  photolysis  study  and  those  of  the  alkaline  hydrolysis  and 
biodegradation  of  CL-20  suggests  that  initial  denitration  whether  chemical,  photochemical  or 
enzymatic  is  sufficient  to  decompose  the  energetic  chemical  to  produce  almost  similar  products. 

Photodegradation  of  CL-20  with  sunlight.  Quartz  tubes  (20  mL)  charged  with  15  mL  of  an 
aqueous  solution  of  CL-20  (2.8  mg/L)  were  placed  perpendicular  to  soil  and  exposed  to  sunlight 
during  daytime  and  kept  inside  overnight.  At  the  end  of  each  exposure  day,  the  number  of 
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exposure  hours  was  reported  along  with  the  average  temperature  and  the  UV  index  of  the  day, 
and  an  aliquot  of  solution  was  collected  for  analysis  of  CL-20  by  HPLC.  Two  of  the  tubes  were 
covered  with  white  paper  and  subjected  to  same  exposure  periods,  for  controls.  Experiments 
were  conducted  in  duplicate. 

Photolysis  of  CL-20  with  sunlight  was  tested  in  October,  in  Montreal  (QC,  Canada), 
when  temperatures  do  not  exceed  15°C  to  avoid  thermal  decomposition  (Monteil-Rivera  et  al., 
2004).  Data  presented  in  Figure  14  clearly  indicate  degradability  of  CL-20  upon  exposure  to 
sunlight. 
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Figure  14  Photolysis  of  aqueous  solutions  of  CL-20  with  sunlight.  Error  bars  represent  standard 
deviation  of  duplicate  experiment.  Average  temperature  and  average  UV  index  are  also  reported  for  each 
day  of  exposure  to  interpret  the  variation  of  rates  in  the  degradation. 


While  a  loss  of  8  %  was  measured  in  the  covered  controls  after  almost  80  h  of  exposure, 
93  %  of  CL-20  disappeared  in  the  uncovered  tubes  during  the  same  period.  A  decrease  of  the 
degradation  rate  was  noticed  at  the  end  of  days  3  (21  h)  and  6  (42  h).  The  decrease  in  degradation 
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rate  coincided  with  a  lower  mean  UV  index.  Variations  of  both  the  temperature  and  the  UV 
index  over  the  exposure  time  prevented  us  from  applying  a  kinetics  model  to  the  data.  However, 
the  initial  degradation  rate  was  calculated  and  CL-20  was  found  to  decompose  at  a  rate  of  2.1  jig 
h  1  (4.8  nmol  h'1).  With  the  aim  to  limit  thermal  decomposition,  the  period  of  the  year  selected  to 
run  this  experiment  gave  rise  to  low  UV  indexes  (1  to  3)  on  a  scale  that  can  exceed  11.  We 
demonstrated  degradability  of  CL-20  despite  prevailing  cloudy  days  in  October.  We  thus  expect 
that  during  summer  and/or  in  regions  that  are  more  UV-exposed  than  Montreal,  photolysis  of 
CL-20  would  occur  at  a  higher  rate. 

Conclusion 

Photolysis  of  CL-20  at  300  nm  led  to  rapid  decomposition  and  to  the  formation  of  nitrite 
and  HCOOH  in  almost  stoichiometric  amounts  after  16  h.  Reaction  at  shorter  wavelengths  (X254 
nm)  was  much  more  rapid,  but  reaction  at  longer  wavelengths  (Z1350  nm  or  sunlight)  was  much 
slower.  Following  the  detection  of  several  transient  intermediates  we  suggested  that  initial 
photorearrangement  and  homolysis  of  one  of  the  V-NCL  bond(s)  might  have  been  responsible  for 
the  decomposition  of  CL-20.  However,  we  were  unable  to  quantify  the  relative  importance  of 
each  route  in  the  decomposition  process.  The  discovery  of  several  CL-20  intermediates  and  the 
knowledge  gained  on  their  reactions  should  provide  insight  into  the  mechanism  of  CL-20 
photodecomposition  and  thus  help  predict  the  environmental  fate  and  impact  of  the  energetic 
chemical.  Future  experiments  conducted  with  15N-labeled  CL-20  will  be  very  useful  to 
understand  the  secondary  reactions  routes  leading  to  HCOOH  and  NH3. 
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IX  Degradation  of  CL-20  by  iron  (0) 


This  work  was  published  in; 

Balakrishnan  VK,  Monteil-Riverci  F,  Halasz  A,  Corbeanu  A,  Hawari  J.  (2004)  Decomposition  of  the 
polycyclic  nitramine  explosive,  CL-20 ,  by  Fe".  Environ.  Sci.  Technol.  38:  6861-6866,  attached  at  the 
end  of  the  present  report. 


Introduction 

With  the  anticipated  wide  use  of  the  emerging  explosive  CL-20  and  the  recent 
demonstration  of  its  toxicity  towards  certain  soil  invertebrates  (Robidoux  el  cil.,  2004)  there  is 
the  potential  for  soil  and  groundwater  contamination.  In  this  context,  applying  cost  effective 
remediation  technologies  to  remove  the  chemical  from  contaminated  environments  may  become 
necessary.  Earlier  we  showed  that  CL-20  was  highly  unstable  in  alkaline  solutions  (Balakrishnan 
et  al.,  2003)  but  applying  alkaline  hydrolysis  on  site  by  changing  soil  pH  may  disturb  local 
populations  and  therefore  cause  some  damages.  We  thus  decided  to  investigate  a  different 
technology  that  could  be  applied  in  a  contaminated  site  without  generating  excessive  adverse 
effects. 

Zerovalent  iron  has  been  widely  used  to  degrade  a  variety  of  oxidized  chemicals.  For 
instance,  Fe°  was  found  to  degrade  inorganic  compounds  like  nitrate  ion  (Alowitz  and  Scherer, 
2002;  Westerhoff  and  James,  2003;  Su  and  Puls,  2004),  chlorinated  solvents  such  as 
perchloroethylene  (PCE)  and  carbon  tetrachloride  (CCI4)  (Helland  et  al.,  1995;  Scherer  et  al., 
2000;  Rosenthal  et  al.,  2004),  emerging  contaminants  in  drinking  water  like  N- 
Nitrosodimethylamine  (NDMA)  (Gui  et  al.,  2000;  Odziemkowski  et  al.,  2000),  and  munitions 
wastes  such  as  trinitrotoluene  (TNT)  (Hundal  et  al.,  1997).  Recent  studies  showed  that  the 
monocyclic  nitramine  explosive,  RDX,  could  be  readily  degraded  by  Fe°  (Hundal  et  al.,  1997; 
Singh  et  al.,  1998,  Oh  et  al.,  2001)  or  Fe11  (Gregory  et  al.,  2004),  and  that  permeable  reactive 
barriers  containing  zerovalent  iron  may  be  effective  for  remediation  of  RDX-contaminated  sites 
(Hundal  et  al,  1997;  Singh  et  al.,  1998,  Comfort  et  al.,  2003).  With  six  N-NOt  groups,  CL-20  is 
also  a  good  candidate  for  transformation  via  reductive  processes  and  zerovalent  iron  could  be 
seen  as  a  potential  treatment  technology  applicable  to  the  energetic  chemical.  In  the  present 
study,  Fe°  was  employed  to  degrade  CL-20  and  LC/MS  was  used  to  detect  new  degradation 
products  and  therefore  gain  insight  into  its  degradation  routes.  Understanding  the  degradation 
pathways  of  CL-20  will  contribute  to  the  development  of  effective  remediation  strategies. 

Material  and  Methods 

Chemicals.  e-CL-20,  [15N] -amino  labeled  CL-20,  and  [I5N]-nitro  labeled  CL-20  were  provided 
by  A.T.K.  Thiokol  Propulsion  (Brigham  City,  UT).  Fe°  powder  (100  mesh)  having  a  surface  area 
of  0.9821  m“/g  (determined  by  BET  analysis,  Micromeritics,  Norcross,  GA,  USA)  and  oxygen 
and  carbon  contents  of  0.54  and  0.28  %,  respectively,  was  obtained  from  Anachemia  Chemicals 
(Montreal,  QC,  Canada),  as  was  glycolic  acid.  Glyoxal  (ethanedial),  0-(  2, 3, 4,5,6- 
pentafluorobenzyl)hydroxylamine  hydrochloride  (PFBHA),  ferrozine  (3-(2-pyridyl)-5,6- 
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diphenyl- 1, 2, 4-triazine-p,p’-disulfonic  acid,  monosodium  salt),  and  iron  (II)  sulfate  were 
obtained  from  Aldrich  Chemicals.  All  other  chemicals  used  in  this  study  were  of  reagent  grade, 
and  used  without  further  purification. 

Degradation  ofCL-20  by  Fe°.  A  series  of  20  mL  vials  wrapped  in  aluminum  foil  and  containing 
10  mL  of  deionized  water  and  0.1  g  Fe°  powder  were  sealed  with  Teflon  coated  serum  caps  and 
sparged  with  argon  for  20  minutes.  The  redox  potential  of  the  solution  was  occasionally 
measured  after  sparging  and  found  to  be  -225  mV,  demonstrating  the  anaerobic  atmosphere  of 
the  medium.  An  aliquot  of  CL-20  stock  solution  (1  %  w/v)  prepared  in  acetonitrile  was  then 
added  to  the  vials,  giving  an  initial  amount  of  CL-20  of  2.4  pmol.  The  initial  CL-20 
concentration  (100  mg  L"1)  was  kept  well  in  excess  of  its  maximum  water  solubility  (ca.  3.6  mg 
L  1  at  25  °C  (Monteil-Rivera  el  al.,  2004))  in  an  attempt  to  generate  sufficient  amounts  of 
reaction  intermediates  to  allow  detection.  The  vials  were  agitated  at  50  rpm  in  a  rotary  shaker. 

The  following  eight  controls  were  prepared  as  described  above:  1)  Fe°,  CL-20,  water,  in 
air;  2)  Fe°,  CL-20,  dry  acetonitrile,  under  argon;  3)  Fe°,  CL-20,  dry  acetonitrile  and  FL  gas;  4) 
Fe(SC>4),  CL-20,  water,  under  argon;  5)  Fe°,  HCOO ,  water,  under  argon;  6)  Fe°,  glyoxal,  water, 
under  argon;  and  7)  Fe°,  NOi ,  water,  under  argon;  8)  Fe°,  N20,  water,  under  argon. 

Abiotic  degradation  of  CL-20  in  SAC  soil  (pH  8.1).  Gamma-irradiated  SAC  soil  (1.5  g)  was 
added  to  10  mL  of  an  aqueous  solution  of  CL-20  (500  |lg  or  1.14  pmol)  in  a  60-mL  serum 
bottles.  The  bottles  were  sealed  with  Teflon  coated  septa  and  aluminum  caps  and  covered  with 
aluminum  foil.  The  soil  slurries  were  then  shaken  (400  rpm)  at  room  temperature.  At  a  given 
time,  three  samples  were  sacrificed  and  10  mL  of  acetonitrile  were  added  to  the  whole  reaction 
mixture  to  solubilize  any  undissolved  CL-20.  The  resulting  solution  was  filtered  through  a  0.45- 
(im  syringe  filter  and  CL-20  was  analyzed  by  HPLC  connected  to  a  photodiode  array  (PDA) 
detector  as  described  previously  (Monteil-Rivera  et  al.,  2004).  Degradation  products  were 
analyzed  as  described  in  section  VI. 

Analytical  Techniques.  A  gas-tight  syringe  was  used  to  sample  gaseous  products  from  the 
headspace  for  subsequent  analysis  of  nitrous  oxide  by  GC-ECD  as  described  by  Sheremata  and 
Hawari  (2000b).  Meanwhile,  at  the  end  of  each  reaction  10  mL  of  acetonitrile  (CH3CN)  were 
added  to  the  whole  reaction  mixture  to  solubilize  any  undissolved  CL-20.  The  resulting  solution 
was  filtered  through  a  0.45-pm  syringe  filter  and  CL-20  was  analyzed  by  HPLC  connected  to  a 
photodiode  array  (PDA)  detector  as  described  previously  (Annual  report  2002;  Monteil-Rivera  et 
al.,  2004). 

Analyses  of  nitrite  (NO2"),  nitrate  (NO3"),  formate  (HCOO ),  and  glycolate  (HOCH2COO ) 
were  performed  by  ion  chromatography  (IC)  equipped  with  a  conductivity  detector  after 
evaporating  acetonitrile  and  removing  the  glyoxal  by  precipitation  with  0(2, 3, 4,5,6- 
pentafluorobenzyl)hydroxylamine  hydrochloride  (PFBHA).  The  Waters  IC  system  consisted  of  a 
Model  600  Pump,  a  Model  717  Autosampler  Plus,  and  a  Model  430  Conductivity  Detector. 
Separation  was  performed  on  a  DIONEX  IonPac  AS  15  column  (2  x  250  mm).  The  mobile  phase 
was  30  mM  KOH  for  nitrite  and  nitrate  and  5  mM  KOH  for  formate  and  glycolate,  at  a  flow  rate 
of  0.4  mL/min  and  40  °C.  The  detection  of  anions  was  enhanced  by  reducing  the  background 
with  a  Model  DS-Plus  auto  suppressor  from  ALTECH  (Guelph,  ON,  Canada).  Ammonia  was 
determined  by  ion  chromatography  (IC).  The  IC  system  consisted  of  a  resin  based  Hamilton 
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PRP-X200  cation  chromatography  column  (250  mm  x  2.1  mm),  a  TSP  Model  P4000  pump,  an 
AS3000  Autosampler,  and  a  Waters  Millipore  Model  431  conductivity  detector.  The  mobile 
phase  was  4  mM  nitric  acid  with  30%  methanol  at  a  flow  rate  of  0.75  mL/min  at  40°C. 

In  order  to  provide  insight  into  the  role  of  iron  in  catalyzing  CL-20  degradation,  the 
presence  of  Fe2+  and  Fe3+  was  determined  using  Stookey’s  Ferrozine  method  (Stookey,  1970). 
Briefly,  100  pL  of  a  0.05  M  solution  of  ferrozine  was  added  to  2  mL  of  the  filtered  CL-20  /  Fe° 
reaction  mixture,  and  heated  to  ca.  80°C  for  10  min.  The  solution  was  cooled  to  2  °C  and 
ammonium  hydroxide/ammonium  acetate  buffer  (pH  9)  was  added  to  achieve  a  solution  pH  of  6. 
The  absorbance  of  the  resulting  magenta  colored  solution  of  Fe11  complex  was  measured  at  562 
nm,  and  the  concentration  of  Fe11  in  the  sample  was  determined  by  comparison  against  a  standard 
curve  prepared  using  ferrous  ammonium  sulfate.  To  determine  Fe™,  hydroxylamine 
hydrochloride  (10  %  v/v)  was  added  to  the  filtered  CL-20/Fe°  reaction  mixture  in  order  to  reduce 
Fem  to  Fe11.  The  converted  Fe11  was  then  determined  by  the  same  procedure,  and  [Fem]  was 
calculated  by  subtracting  the  amount  of  Fe11  found  in  the  CL-20/Fe°  reaction  mixture  prior  to  the 
addition  of  hydroxylamine  hydrochloride  from  the  amount  of  Fe11  found  after  the  addition  of  the 
amine. 

Glyoxal  (CHO-CHO)  was  determined  as  its  derivatized  product  with  PFBHA  (Bao  et  al., 
1998).  A  solution  of  PFBHA  (15  g  L'1;  20  pL)  was  added  to  0.5  mL  of  aqueous  sample  and  the 
pH  was  adjusted  to  3  with  5%  HC1.  After  1  h  of  reaction  in  the  dark  and  at  room  temperature,  1 
mL  of  acetonitrile  was  added  to  the  mixture,  and  the  resulting  solution  was  analyzed  by 
HPLC/UV-MS.  The  derivatized  compound  was  analyzed  in  the  positive  electrospray  mode  (ES+) 
using  a  Micromass  bench-top  single  quadrupole  mass  detector  attached  to  a  Hewlett  Packard 
1100  Series  HPLC  system  equipped  with  a  DAD  detector.  Separation  was  performed  on  a 
Supelcosil  C8  column  (25  cm  x  4.6  mm,  5  pm)  at  35°C  using  1  mL/min  of  acetonitrile/water 
gradient  (60  %  of  acetonitrile  to  90  %,  10  min,  90%  to  60%,  2  min,  and  60  %,  6  min).  The 
identity  of  the  derivatized  compound  was  confirmed  by  comparing  the  mass  spectrum  obtained 
with  that  obtained  with  glyoxal  and  quantification  was  done  by  UV  at  250  nm. 

Intermediate  products  of  CL-20  were  analyzed  by  LC/MS  using  a  Bruker  bench-top  ion 
trap  mass  detector  attached  to  a  Hewlett  Packard  1100  Series  HPLC  system  equipped  with  a 
DAD  detector.  The  samples  were  injected  into  a  5  pm-pore  size  Zorbax  SB-C18  capillary 
column  (0.5  mm  ID  by  150  mm;  Agilent,  CA)  at  25°C.  The  solvent  system  was  composed  of  a 
CH3CN/H9O  gradient  (30  to  70  %  v/v)  at  a  flow  rate  of  15  pL/min.  For  mass  analysis,  negative 
electrospray  ionization  was  used  to  produce  deprotonated  molecular  ions  [M-H]-  or  nitrate 
adducts  ions  [  M+NOd”.  The  mass  range  was  scanned  from  40  to  550  Da.  The  identity  of  the 
intermediates  was  confirmed  using  [15N] -amino  and  [15N]-nitro  labeled  CL-20. 

Nitrogen  gas  (15N14N  and  15N15N)  and  nitrous  oxide  (15N14NO  and  15N15NO)  were 
analyzed  using  a  Hewlett-Packard  6890  GC  (Mississauga,  ON,  Canada),  coupled  with  a  5973 
quadrupole  mass  spectrometer.  A  GS-gas  Pro  capillary  column  (30  m  x  0.32  mm)  (J  &  W 
Scientific,  Folsom,  CA)  was  used  under  splitless  condition.  The  injector  and  mass  spectrometer 
interface  (MSD)  were  maintained  at  150°C  and  250°C,  respectively.  The  column  was  set  at  - 
25°C  for  1.5  min  and  then  raised  to  -10°C  at  a  rate  of  10°C/min  which  was  held  for  5  min.  The 
MSD  was  used  in  the  scan  mode  (electron  impact)  between  10  to  50  Da. 
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Accomplishments 


Degradation  of  CL-20  with  iron.  Figure  15  shows  that  CL-20  (2.4  pmol)  completely  degraded 
within  10  h  of  reaction  with  Fe°  (under  anaerobic  conditions)  to  form  HCOO ,  NO2",  NH44)  and 
NoO.  These  products  are  the  same  as  those  reported  in  previous  studies  on  the  alkaline 
hydrolysis  (Balakhishnan  et  al.,  2003),  photolysis  (Hawari  et  al.,  2004),  and  microbial 
degradation  (Bhushan  et  al.,  2003a)  of  CL-20.  Formaldehyde,  which  is  a  common  degradation 
product  of  RDX  and  HMX,  was  not  detected  here.  However,  while  RDX  and  HMX  are  cyclic 
oligomers  of  methylene  nitramine,  CH2-NNO2,  CL-20  contains  the  repeating  unit  CH-NNO2 
where  each  carbon  atom  is  bound  to  another  carbon  (Figure  1).  Moreover,  whereas  RDX  and 
HMX  are  both  synthesized  from  formaldehyde,  glyoxal  (CHO-CHO)  is  used  as  the  starting 
material  in  the  synthesis  of  CL-20  (Wardle  et  al.,  1996;  Sikder  et  al.,  2002).  We  thus  investigated 
the  presence  of  glyoxal  as  a  possible  degradation  product  of  CL-20. 


Figure  15  Time  course  of  the  Fe°-mediated  anaerobic  degradation  of  CL-20  in  water.  (A)  Carbon- 
containing  compounds.  (B  )  Nitrogen-containing  compounds.  Data  points  are  the  mean  and  error  bars  the 
average  deviation  ( n  =  2). 
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Figure  16  shows  the  chromatograms  obtained  upon  separately  derivatizing  the  reaction 
mixture  and  a  reference  standard  of  glyoxal  with  PFBHA.  The  exact  match  between  the  sample 
and  the  standard  conclusively  proved  that  glyoxal  was  a  product  of  CL-20  degradation,  and  to  the 
best  of  our  knowledge,  this  is  the  first  such  report.  Glyoxal  was  analyzed  throughout  the  reaction 
(Figure  15  A)  as  the  derivatized  product  of  PFBHA. 
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Figure  16  LC/UV  chromatograms  at  250  nm  showing  the  detection  of  glyoxal.  (A)  CL-20/Fe°  reaction 
solution  after  derivatization.  (B)  Glyoxal  standard  solution  after  derivatization  with 
pentafluorobenzylhydroxylamine.  (C)  MS  (ES+)  obtained  for  both  the  standard  and  the  sample. 


Since  Figure  15 A  clearly  shows  that  glyoxal  (CHOCHO)  was  a  transient  species,  we 
analyzed  for  its  potential  decomposition  product(s).  It  has  been  reported  that  glyoxal  in  the 
presence  of  multivalent  metal  ions  including  Fe11  can  be  transformed  into  glycolic  acid  (Kiyoura 
and  Kogure,  1997).  A  control  containing  glyoxal  (2.67  (imol)  and  iron  (0.1  g)  led  to  the 
production  of  glycolic  acid  (CH9OHCOOH)  (1.16  (imol),  demonstrating  the  transformation  of 
glyoxal  into  glycolic  acid  under  the  present  conditions.  As  a  consequence,  glycolic  acid  was  also 
measured  in  the  reaction  medium  (Figure  15 A).  Unlike  glyoxal,  formate  did  not  react  with  iron 
under  the  current  conditions. 

Figure  15B  summarizes  the  nitrogen-containing  products  of  CL-20.  Of  the  nitrogen- 
containing  products  N2O  and  ammonia  (detected  as  NH4+)  appeared  to  be  stable  as  demonstrated 
by  stirring  Fe°  (0.1  g)  with  2  (imol  of  NH4CI  or  0.11  (imol  of  NoO.  The  transformation  of  nitrite 
after  16  h  is  consistent  with  the  findings  of  other  researchers  who  observed  that  Fe°  could 
chemically  reduce  nitrite  to  ammonium  (Scherer  et  al.,  2000;  Kielemoes  el  al.,  2000;  Alowitz 
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and  Scherer,  2002).  An  experiment  was  specifically  designed  to  evaluate  the  transformation  of 
nitrite  with  iron  under  the  present  conditions.  After  contacting  Fe°  (0.1  g)  with  an  aqueous 
solution  of  nitrite  (2.4  pmol)  for  16  h,  NtLf1"  (0.6  pmol),  N2O  (0.12  pmol),  and  No  (not 
quantified)  were  observed  along  with  unreacted  nitrite  (0.9  pmol).  A  fraction  of  the  ammonium 
and  nitrous  oxide  detected  at  the  end  of  the  reaction  likely  resulted  from  the  reduction  of  nitrite 
ions,  as  supported  by  the  detection  of  15N15NO  (46  Da)  when  using  15N-nitro  labeled  CL-20. 

After  4  h  of  reaction,  83  %  of  CL-20  was  transformed  to  give  a  carbon  mass  balance  of 
46.5  %  that  was  distributed  between  HCOO"  (formate,  4.9  %)  and  CHO-CHO  (glyoxal,  41.6  %). 
Analysis  of  the  reaction  medium  by  LC/MS  at  this  time  confirmed  the  presence  of  several 
intermediates  in  the  system  (see  next  section).  At  the  end  of  the  reaction  (48  h)  the  carbon  mass 
balance  decreased  to  32.4  %  and  was  distributed  as  follows:  HCOO'  (formate,  6.8  %),  CHO- 
CHO  (glyoxal,  12.1  %),  and  CH2OH-COO  (glycolate,  13.5  %).  The  amount  of  glyoxal 
significantly  decreased  between  4  and  48  h  to  produce  glycolate.  However,  the  decrease  in  total 
C  mass  balance  shows  that  glycolate  was  not  the  only  product  of  glyoxal.  The  latter  is  a  highly 
reactive  dialdehyde  (Vyas  el  al.,  2001)  that  can  readily  condense  with  alcohols  and  amines, 
which  are  suspected  products  in  the  system. 

As  for  the  nitrogen  mass  balance,  it  was  60.7  %  after  4  h,  distributed  amongst  NO2’  (19.6 
%),  N2O  (35.5  %),  and  NH3  (5.6  %).  The  use  of  [15N]-amino  labeled  CL-20  led  to  the  detection 
of  a  mass  ion  of  29  Da  corresponding  to  15N-14N,  confirming  that  N2  was  a  product  of  CL-20,  but 
we  were  unable  to  quantify  it. 

Insights  into  the  role  of  Fe°  in  initiating  the  decomposition  of  CL-20.  Oxidation  of  Fe°  to  Fe11 
in  water  is  concomitant  with  a  release  of  hydroxide  ions  in  solution  (Equation  1),  so  that  one 
might  expect  a  pH  increase  as  the  reaction  evolves.  Since  hydrolysis  of  CL-20  has  been  observed 
under  alkaline  conditions  (Balakrishnan  el  al .,  2003),  a  possible  initiator  for  CL-20 
decomposition  was  the  OH  resulting  from  oxidation  of  iron.  The  pH  was  thus  measured  at  the 
end  of  each  reaction  and  was  found  to  remain  constant  at  approximately  5.5,  even  after  120  h  of 
reaction.  The  formation  of  formic  and  glycolic  acids  as  products  of  CL-20  may  be  responsible  for 
the  pH  stabilization.  Hydrolysis  of  CL-20  was  therefore  excluded  as  a  potential  degradation 
route. 


Fe°+  2  H20 - ►  Fe2++  H2  +  2  OH'  (1) 

In  the  Fe°-H20  system,  there  are  three  main  reductants  present  upon  the  anaerobic 
corrosion  of  the  metal:  Fe°,  Fe11,  and  H2  (Matheson  and  Tratnyek,  1994).  Neither  iron  powder  in 
dry  CH3CN  nor  iron  powder  in  dry  CH3CN  in  the  presence  of  H2  were  able  to  degrade  CL-20 
(data  not  shown),  suggesting  that  Fe°  or  H2  would  not  be  responsible  for  CL-20  decomposition. 
This  observations  added  to  the  formation  of  Fe111  upon  reduction  of  CL-20  led  us  to  attribute  the 
reductive  process  to  Fe11.  For  instance,  we  found  that  after  6  h  of  contact  between  CL-20  and  Fe° 
approximately  5  ppm  (0.89  pmol)  of  Fem  was  detected.  By  contrast,  an  oxygen-free  control 
solution  containing  only  Fe°  and  water  (i.e.  no  CL-20)  produced  a  negligible  quantity  of  Fem  ion 
in  the  same  time  span.  When  CL-20  (2.3  pmol)  was  mixed  with  FeSCL  (3.56  pmol,  200  ppm  in 
Fe11  as  measured  by  Stookey’s  method)  degradation  did  not  occur,  indicating  that  Fe2+  ions  in 
solution  were  not  responsible  for  the  degradation  of  CL-20.  Since  dissolved  Fe2+  ion  had  no 
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impact  on  CL-20  degradation,  the  e-  transfer  to  the  energetic  chemical  that  caused  its  degradation 
must  have  involved  surface-bound  Fe2+.  The  involvement  of  surface  bound  Fe2+  was  noted 
earlier  for  the  destruction  of  a  wide  variety  of  environmental  organic  contaminants  including 
CCU  (Helland  et  al.,  1995;  Scherer  et  al.,  2000),  trifluralin  (Klupinski  and  Chin,  2003), 
nitrobenzenes  (Klausen  et  al.,  1995;  Charlet  et  al.,  1998)  and  the  nitramine,  RDX  (Gregory  et  al., 
2004). 

Note  that  in  the  presence  of  oxygen,  Fe°  can  still  form  Fe2+  (equation  2),  but  the  electrons 
generated  from  Fe"  oxidation  are  trapped  by  triplet  oxygen,  O2  (a  diradical  in  the  ground  state), 
instead  of  initiating  CL-20  destruction.  As  a  result,  CL-20  degradation  was  not  observed  when 
the  experiment  was  conducted  in  air. 

2  Fe°+  02  +  2  H20 - ►  2Fe2++4  0H"  (2) 

Thus,  in  the  absence  of  air,  the  oxidation  of  surface-bound  Fe11  to  Fem  and  the  subsequent 
transfer  of  a  single  electron  to  CL-20  were  likely  responsible  for  the  degradation  of  the  energetic 
chemical.  The  resulting  CL-20  anion  radical  is  expected  to  rapidly  denitrate  to  undergo 
spontaneous  decomposition  as  observed  by  Bhushan  et  al.  (2004b)  when  challenging  CL-20  with 
salicylate  1 -monooxygenase  (see  section  XI).  According  to  the  crystal  structure  analysis  of  CL-20 
(Zhao  and  Shi,  1996),  the  elongated  C-C  bond  at  the  top  of  the  molecule  (bond  denoted  a  in 
Figure  1)  is  the  weakest  bond  and  should  cleave  first. 

Potential  initial  decomposition  routes  of  CL-20 

Note:  Throughout  the  present  report,  structures  of  CL-20  intermediates  are  tentatively  identified  based 
on  LC/MS  data  and  our  previous  experience  in  analyzing  nitramines  compounds.  However,  isomeric 
structures  could  also  be  possible. 

Several  intermediates  were  observed  during  biodegradation  (Bhushan  et  al.,  2004a  & 
2004b)  and  photolysis  (Hawaii  et  al.,  2004)  of  CL-20.  Among  them,  the  imine  (la)  and  its 
dicarbinol  (II)  intermediates  with  retention  times  of  8.6  and  14.0  min,  respectively  (Figure  17A), 
and  [M-H]'  ions  at  345  and  381  Da,  respectively  (Figure  17B),  also  appeared  when  reacting  CL- 
20  with  Fe°.  Imine  la  can  be  readily  hydrated  in  water  (March,  1985)  and  form  the  a- 
hydroxyalkylnitramine  II.  The  resulting  a-hydroxynitramines  are  unstable  (March,  1985),  and 
are  expected  to  undergo  a  rapid  ring  cleavage  (across  the  CLNN-COH  bond)  to  ultimately 
produce  formate  from  the  elongated  C-C  bond  and  glyoxal  from  the  remaining  two  C-C  bonds  in 
CL-20. 

We  were  also  able  to  detect  two  new  intermediates  (III  and  IV)  with  retention  times  at 
16.8  and  16.3  min,  respectively  (Figure  18A).  The  two  intermediates  had  their  [M-H]"  at  421  and 
405  Da  each  matching  an  empirical  formula  of  C6H6N12O11  or  CfTUNioOio,  respectively  (Figure 
18B).  The  corresponding  nitrate  adduct  ions  [M+NO3"]"  were  detected  at  484  and  468  Da, 
respectively.  Using  15N  ring  labeled  and  15N02  labeled  CL-20,  III  and  IV  were  detected  at  427 
and  411  Da,  respectively,  representing  an  increase  of  6  amu  in  each  case  due  to  the  presence  of 
six  15N  atoms.  In  the  case  of  15N-amino  labeled  CL-20  the  adduct  mass  ions  of  the  III  and  IV 
appeared  at  490  and  474  Da,  respectively  also  showing  an  increase  of  6  amu.  However,  in  the 
case  of  15N02  labeled  CL-20,  the  adduct  mass  ions  of  III  and  IV  appeared  at  491  and  475  Da, 
respectively,  representing  an  increase  of  7  amu. 
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Figure  17  Typical  LC/MS  chromatograms  of  intermediates  la  and  11  formed  upon  the  double  denitration 
of  CL-20  in  the  Fe°-mediated  reaction.  (A)  Extracted  Ion  Chromatogram  (EIC)  of  m/z  =  345  Da  (la  and 
lb)  and  381  Da  (II).  (B)  Mass  spectra  and  structures  of  la  and  II. 


The  extra  1  amu  was  attributed  to  the  involvement  of  15NC>3'  originated  from  the  15N02 
labeled  CL-20.  A  similar  nitrate  adduct  was  detected  during  LC/MS  analysis  of  CL-20  (500  Da) 
(Hawari  et  al.,  2004).  We  tentatively  identified  III  and  IV  as  the  mononitroso  and  the  dinitroso 
derivatives  of  CL-20  (Figure  18B).  As  far  as  we  are  aware  this  is  the  first  observation  of  nitroso 
products  of  CL-20.  The  transient  observation  of  initially  reduced  nitroso  products  III  and  IV 
highlights  the  potential  occurrence  of  second  initial  degradation  route  for  CL-20,  i.e.  the 
sequential  reduction  of  N-NO2  groups  to  the  corresponding  N-NO  derivatives.  Similar  reduction 
has  been  reported  for  RDX  with  iron  (Oh  et  al.,  2001;  Gregory  et  al.,  2004),  but  no  such 
reactions  were  known  with  CL-20. 
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Figure  18  Typical  LC/MS  chromatograms  of  early  intermediates  111  and  IV  in  the  Fe°-mediated 
decomposition  of  CL-20.  (A)  Extracted  Ion  Chromatogram  (EIC)  of  m/z  =  484  Da  (III)  and  468  Da  (IV). 
(B)  Mass  spectra  and  structures  of  III  and  IV. 


Finally,  Figure  19  shows  the  presence  of  two  other  key  intermediates  (V  and  VI)  of  CL-20  with 
their  LC/MS  peaks  appearing  at  retention  times  of  13.9  and  13.4  min  and  their  deprotonated 
molecular  mass  ions  at  392  Da  and  376  Da,  respectively.  The  two  intermediates  showed  their 
nitrate  adduct  ions  [M+NO3’]'  at  455  and  439  Da,  respectively  (Figure  19B).  The  use  of  15N02 
labeled  CL-20  led  to  the  observation  of  V  and  VI  at  397  and  381  Da,  respectively,  suggesting  the 
loss  of  one  NCL  from  CL-20.  Intermediate  V  (Figure  19B)  was  tentatively  identified  as  the 
denitrohydrogenated  intermediate  while  intermediate  VI  (Figure  19B)  was  tentatively  identified 
as  its  denitrohydrogenated  mononitroso  product  of  CL-20.  The  formation  of  the  last  two 
intermediates  resembles  the  known  pathway  of  the  reductive  dechlorination  of  polychlorinated 
compounds  by  zerovalent  iron  (dehalohydrogenation)  (Helland  el  al.,  1995;  Scherer  el  al.,  2000) 
where  there  is  an  apparent  substitution  of  hydride  for  the  leaving  group  (Cl"  or  NCL’).  While  the 
finding  that  CL-20  can  degrade  via  multiple  pathways  is  important,  the  absence  of  reference 
standards  for  these  newly-detected  intermediates  prevented  us  from  determining  the  quantitative 
contribution  of  each  route  in  the  decomposition  of  CL-20. 
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Figure  19  Typical  LC/MS  chromatograms  of  intermediates  V  and  VI  in  the  Fe°-mediated  decomposition 
of  CL-20.  (A)  Extracted  Ion  Chromatogram  (EIC)  of  m/z  =  455  Da  (V)  and  376  Da  (VI).  (B)  Mass 
spectra  and  structures  of  V  and  VI. 


Conclusion 

This  study  demonstrates  that  elevated  concentrations  of  CL-20  (100  mg/L)  can  be 
efficiently  decomposed  within  a  few  hours  in  the  presence  of  zerovalent  iron  in  water  in  the 
absence  of  oxygen.  The  technology  of  permeable  reactive  barriers  composed  of  Fe°  therefore 
holds  great  promise  to  rapidly  remediate  this  potential  emerging  contaminant  from  anaerobic 
subsurface  soils.  While  nitrous  oxide  and  ammonium  constitute  the  major  nitrogen-containing 
products,  formate,  glyoxal  and  glycolic  acid  were  discovered  as  important  products  contributing 
to  the  carbon  mass  balance.  Glyoxal  is  a  known  toxic  chemical  (Shangari  et  al.,  2003)  and  its 
formation  as  a  product  of  CL-20  will  require  investigating  its  fate  under  natural  conditions. 
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Sorption-desorption  of  CL-20  on  soil 


This  work  was  published  in: 

Balakrishnan  VK,  Monteil-Rivera  F,  Gautier  MA,  Hawaii  J.  (2004)  Sorption  and  Stability  of  the 
polycyclic  nitrcimine  explosive  CL-20  in  soil.  J.  Environ.  Qual.  33:  1362-1368. 


Introduction 

Sorption  of  organic  chemicals  to  soil  is  a  major  process  that  can  affect  their  mobility, 
degradation  and  toxicity  by  reducing  their  availability.  A  fundamental  understanding  of  sorption 
and  desorption  mechanisms  is  therefore  essential  for  the  accurate  prediction  of  the  fate  and 
impact  of  organic  contaminants  in  soils  and  groundwater.  Previous  studies  performed  with  the 
monocyclic  nitramine  RDX  (Leggett,  1985;  Sheremata  et  cil.,  2001)  and  HMX  (Brannon  el  al., 
2002;  Monteil-Rivera  et  al.,  2003)  revealed  that  both  nitramines  had  a  very  low  tendency  to 
sorption  and  that  this  sorption  was  governed  by  the  clay  rather  than  the  organic  content  of  soil. 
To  our  knowledge,  the  sorption/desorption  behavior  of  CL-20  in  soils  has  never  been  reported  in 
the  literature.  We  therefore  measured  sorption/desorption  isotherms  for  CL-20  with  five  slightly 
acidic  soils  of  varying  organic  content  and  then  measured  the  extent  of  sorption  on  minerals  to 
evaluate  the  respective  contribution  of  organic  matter  and  minerals  in  immobilizing  the 
explosive.  Since  we  showed  that  CL-20  readily  undergoes  denitration  under  alkaline  conditions 
in  water  (pH  10)  (see  section  VII),  we  also  found  it  useful  to  investigate  the  role  of 
sorption/desorption  on  CL-20  hydrolysis  in  alkaline  soils.  In  particular,  one  issue  needed  to  be 
addressed:  does  sorption  of  CL-20  onto  soil  affect  its  hydrolysis  kinetics? 

Further  work  was  conducted  to  (1)  determine  whether  the  high  affinity  of  CL-20  towards 
certain  soils  was  attributable  to  the  physical  structure  or  to  the  chemical  composition  of  the 
organic  matter  and  to  study  the  effect  of  aging  on  CL-20  availability;  and  (2)  determine  CL-20 
degradation  products  in  soil  under  both  biotic  and  abiotic  conditions  and  (3).  The  results  of  this 
research  are  presented  in  this  section.  To  distinguish  between  the  affinity  of  CL-20  with  the 
amorphous  or  the  more  condensed  organic  matter  in  soil,  three  of  the  above  soils  (VT,  FSB  and 
FS,  Table  5)  were  washed  several  times  with  0.1  M  NaOH.  The  extracted  organic  matter  was 
precipitated  using  HC1.  Both  the  alkali-washed  residue  (adjusted  to  pH  ~  5)  and  the  extracted 
organic  matter  were  analyzed  for  CHNS  and  O,  and  subjected  to  sorption  experiments  to  assess 
their  respective  affinity  for  CL-20. 

Material  and  Methods 

Chemicals.  Silica  (grade  60,  60-200  mesh),  Iron  (HI)  oxide  (5  pm.  >  99  %  pure),  Kaolinite  and 
Montmorillonite  K10  were  obtained  from  Aldrich  and  used  as  received.  Monoclinic  illite  shale 
{(K,  H30)(A1,  Mg,  Fe)2  (Si,  Al)4  Oio  [(OH)2,  H20]}  was  obtained  from  Ward’s  Natural  Science 
Establishment,  Inc.  (Rochester,  NY),  ground  and  passed  through  a  2-mm  sieve.  The  pH  of  the 
powdered  illite  (initially  8.60)  was  adjusted  to  5.4  using  HC1  in  the  sorption  experiments.  All 
other  chemicals  were  of  reagent  grade  and  used  without  purification.  CL-20  (in  £-form)  and 
[14C]-CL-20  were  provided  by  A.T.K.  Thiokol  Propulsion  (Brigham  City,  UT).  A  standard  soil 
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humic  acid  was  obtained  from  the  International  Humic  Substances  Society  (IHSS) 
(http ://www .ihss.qatech.edu/)  and  sterilized  by  gamma  irradiation.  All  other  chemicals  used  in  this 
study  were  of  reagent  grade. 

Soil  characteristics.  Seven  soils  were  used  in  this  study:  1)  a  Sassafras  sandy  loam  (SSL) 
sampled  in  an  uncontaminated  open  grassland  on  the  property  of  US  Army  Aberdeen  Proving 
Ground,  (Edgewood,  MD);  vegetation  and  the  organic  horizon  were  removed  to  just  below  the 
root  zone  and  the  top  15  cm  of  the  A-horizon  was  collected;  2)  a  sandy  agricultural  topsoil  (VT) 
originating  from  Varennes  (QC,  Canada)  with  a  total  nitrogen  and  phosphorus  of  1100  and  400 
mg.kg  ',  respectively;  3)  a  sandy  forest  soil  from  Boucherville,  QC,  Canada  (FSB);  4)  a  sandy 
forest  soil  provided  by  a  local  supplier  (FS),  5)  a  sandy  garden  soil  (GS)  obtained  from  a  local 
supplier;  6)  a  clay  soil  from  St.  Sulpice,  QC,  Canada  (CSS);  and,  7)  a  sandy  soil  provided  by 
agriculture  Canada  (SAC).  Soils  were  passed  through  a  2  mm  sieve  and  air  dried  prior  to  use. 
The  soils  differ  with  respect  to  total  organic  carbon,  pH  levels,  and  sand,  silt  and  clay  content 
(Table  5).  A  portion  of  the  VT,  CSS  and  SAC  soils  was  sterilized  as  described  elsewhere 
(Sheremata  et  al.,  2001),  by  gamma  irradiation  from  a  60Co  source  at  the  Canadian  Irradiation 
Center  (Faval,  QC)  with  a  dose  of  50  kGy  over  2  h. 

To  distinguish  between  the  affinity  of  CF-20  with  the  amorphous  or  the  more  condensed 
organic  matter  in  soil,  three  of  the  above  soils  (VT,  FSB  and  FS,  Table  5)  were  washed  several 
times  with  0.1  M  NaOH.  The  extracted  organic  matter  was  precipitated  using  HC1.  Both  the 
alkali-washed  residue  (adjusted  to  pH  ~  5)  and  the  extracted  organic  matter  were  analyzed  for 
CHNS  and  O,  and  subjected  to  sorption  experiments  to  assess  their  respective  affinity  for  CF-20. 


Table  5  Characterization  of  soils3  used  in  this  study. 


Soil 

Granulometry 

TOC (%) 

pH 

%  Sand 

%  Silt 

%  Clay 

VT 

83 

12 

4 

2.3 

5.6 

SSF 

71 

18 

11 

0.33 

5.1 

FSB 

99.3 

0.7b 

16 

5.7 

FS 

89.8 

9.1 

1.2 

20 

6.9 

GS 

99.4 

0.6b 

34 

6.1 

CSS 

2.3 

53.2 

44.5 

0.31 

8.1 

SAC 

98.6 

1.3 

0.1 

0.08 

8.1 

a  VT  =  Varennes  Topsoil;  SSL  =  Sassafras  Sandy  Loam;  FSB  =  Forest  Soil  Boucherville;  GS  =  Garden  Soil;  FS  = 
Forest  soil;  CSS  =  Clay  St.  Sulpice;  SAC  =  Soil  Agriculture  Canada.  b  Value  denotes  %  silt  +  clay. 


Sorption/desorption  procedure.  Batch  sorption  experiments  were  conducted  at  ambient 
temperature  (21  ±  2°C)  in  16-mF  borosilicate  centrifuge  tubes  fitted  with  a  Teflon  coated  screw 
cap.  Aqueous  CF-20  solutions  were  prepared  to  give  initial  CF-20  concentrations  ranging  from 
0.5  to  3.5  mg/F.  The  ratio  solid/solution  was  varied  so  that  an  adsorption  rate  of  25  to  75  %  of 
CF-20  was  obtained.  The  tubes  were  wrapped  in  aluminum  foil  and  agitated  for  2  weeks  on  a 
Wrist  Action®  shaker.  They  were  then  centrifuged  for  30  min  at  1170  x  g,  and  the  supernatant 
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was  filtered  through  a  Millex-HV  0.45  pm  filter  (Millipore  Corp.,  Bedford,  MA).  The  filtrate 
collected  after  discarding  the  first  3  mL  was  analyzed  by  HPLC,  as  described  earlier  (  Annual 
report  2002;  Monteil-Rivera  et  al.,  2004). 

Desorption  experiments  were  conducted  by  adding  deionized  water  (10  mL)  to  the  pellet 
remaining  in  the  tube  after  removing  the  supernatant,  and  agitating  the  suspensions  for  1  week. 
Samples  were  then  centrifuged,  filtered  and  analyzed  as  described  for  sorption  experiments.  The 
solution  volumes  that  remained  in  the  soil  at  the  end  of  the  sorption  and  desorption  phases  were 
determined  by  weight  and  corrections  were  made  to  account  for  CL-20  present  in  these  volumes. 

Sorbed  CL-20  was  extracted  with  acetonitrile  from  the  solid  recovered  after  sorption  or 
desorption  as  described  in  the  EPA  SW-846  Method  8330  (USEPA,  1997),  modified  to  use  an 
acidic  calcium  chloride  solution  (CaCli:  5  g/L;  NaHSOp  0.23  g/L;  pH  3)  in  the  sedimentation 
step. 

Six  replicates  were  used  for  each  concentration:  three  were  extracted  with  acetonitrile 
immediately  after  sorption,  the  other  three  were  extracted  after  desorption.  Blanks,  containing  the 
same  amount  of  sorbent  and  volume  of  water,  were  subjected  to  the  same  test  procedure  for  all 
soils,  and  no  interfering  peaks  were  detected. 

Sorption  and  desorption  data  were  fitted  to  the  linear  equation  (x/m  =  KdC)  where  x/m  is 
the  mass  of  solute  sorbed  per  unit  mass  at  equilibrium  (mg  kg'1),  C  is  the  aqueous  phase 
concentration  of  solute  at  equilibrium  (mg  L'1)  and  Kd  is  the  distribution  coefficient  (L  kg"1).  The 
organic  normalized  distribution  coefficient  Koc  was  then  calculated  as:  Koc  =  Kd/foc  ,  where  foc 
represents  the  fraction  of  organic  carbon. 

Sorption  and  Desorption  Kinetics.  For  sorption  experiments,  an  aqueous  solution  of  CL-20  (3 
mg/L)  was  shaken  with  soil  over  a  period  ranging  from  1  h  to  14  days.  For  desorption 
experiments,  the  soils  were  first  shaken  with  a  3  mg/L  CL-20  solutions  for  72  h.  After 
centrifugation,  the  supernatant  was  removed  and  the  pellet  was  contacted  with  fresh  deionized 
water  during  periods  varying  from  1  h  to  6  days.  Sorbed  CL-20  was  extracted  from  the  recovered 
solid  using  acetonitrile  as  described  above.  The  kinetics  experiments  were  conducted  in 
triplicate. 

Sorption/Desorption  isotherms.  Aqueous  CL-20  solutions  were  prepared  to  give  initial  CL-20 
concentrations  ranging  from  0.5  to  3.5  mg/L.  Isotherms  were  measured  using  SSL,  VT,  FSB,  FS 
and  GS  soils.  Sorption  experiments  were  conducted  over  a  period  of  65  h  for  SSL,  FS  and  VT 
soils,  and  72  h  for  FSB  and  GS  soils,  while  desorption  experiments  were  conducted  over  a  period 
of  24  h  (SSL  and  VT  soils)  and  48  hours  (FSB,  FS  and  GS  soils).  Following  the  general 
procedure  described  above,  six  replicates  were  used  for  each  concentration:  three  were  extracted 
with  acetonitrile  immediately  after  sorption,  the  other  three  were  extracted  after  desorption. 
Blanks  containing  the  same  amount  of  soil  and  volume  of  water  were  subjected  to  the  same  test 
procedure  for  all  soils,  and  no  interfering  peaks  were  detected. 

All  sorption  and  desorption  data  were  fitted  to  the  linear  [1]  and  Freundlich  [2]  equations: 

~  =  KdC  [1] 

m 

—  =  KFClln  [2] 

m 

where  x/m  is  the  mass  of  solute  sorbed  per  unit  mass  at  equilibrium  (mg  kg"1),  C  is  the  aqueous 
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phase  concentration  of  solute  at  equilibrium  (mg  L'1),  Kd  is  the  distribution  coefficient  (L  kg'  ), 
K|  is  the  Freundlich  constant  that  gives  a  measure  of  the  adsorbent  capacity  (mg1  1/n  kg"1  L1/n), 
and  1/n  gives  a  measure  of  the  intensity  of  sorption.  Because  the  value  of  Kp  depends  on  the 
value  of  1/n  for  a  given  sample,  Kp  values  cannot  be  compared  between  different  isotherms. 
Therefore,  the  extent  of  sorption  and  desorption  will  be  compared  using  the  Kd  constants,  which 
will  be  denoted  Kd  for  sorption  and  Kd  for  desorption.  Although  the  Kd  values  vary  with 
sorbate  concentration  for  samples  that  exhibit  a  high  level  of  non-linearity,  we  will  treat  the 
linear  model  as  providing  average  Kd  constants  that  are  representative  of  the  sorption  processes 
for  each  soil.  These  average  values  will  be  used  to  determine  the  Koc  values  (Koc  =  Kds/f0c,  where 
foc  represents  the  fraction  of  organic  carbon). 

Behavior  of  CL-20  in  alkaline  soils.  The  effect  of  pH  on  the  stability  of  CL-20  in  soil  was 
studied  either  by  artificially  adjusting  the  pH  of  VT  soil  suspensions  or  by  using  naturally 
alkaline  soils.  In  the  case  of  VT  soil,  the  soil  (1.34  g)  was  contacted  for  2  h  with  5  mL  of  water 
containing  the  amount  of  HC1  or  NaOH  required  obtaining  a  final  pH  ranging  from  3  to  9.  After 
adding  5  mL  of  an  aqueous  solution  of  CL-20  (3.5  mg/L),  the  slurries  were  agitated  for  65  h. 
They  were  then  centrifuged  for  30  min  at  1170  x  g  and  the  pH  was  measured  in  the  supernatant 
before  filtration  through  a  Millex-HV  0.45-pm  filter,  dilution  using  acetonitrile  acidified  to  pH  3 
(with  H2SO4),  and  analysis  by  HPLC.  Potential  CL-20  products  (nitrite,  nitrate,  and  formate  ions) 
were  quantified  in  the  most  alkaline  samples  as  described  below.  All  the  soil  pellets  were 
extracted  with  CH3CN  in  order  to  calculate  a  total  percent  recovery  of  CL-20. 

In  the  naturally  alkaline  soils,  10  mL  of  a  CL-20  solution  (3.5  mg/L)  and  1.34  g  of  the 
sterile  SAC  (pH  8.1)  soil  or  sterile  CSS  (pH  8.1)  soil  were  agitated  in  borosilicate  centrifuge 
tubes,  using  a  Wrist  Action  Shaker  at  430  rpm.  At  various  time  intervals,  tubes  were  removed 
and  after  centrifugation  for  30  min  at  1 170  x  g,  the  pH  was  measured  in  the  supernatant  and  the 
latter  was  filtered.  The  filtrates  collected  after  discarding  the  first  3  mL  were  diluted  using 
acidified  acetonitrile,  and  analyzed  by  HPLC.  Nitrite,  nitrate  and  formate  ions  were  quantified  in 
the  14-d  samples  as  well  as  in  controls  (sterile  soil  and  water  without  CL-20)  stirred  for  14  d 
under  similar  conditions.  The  soils  were  extracted  with  acetonitrile,  and  a  total  recovery  was 
calculated  for  CL-20.  For  comparison,  a  similar  experiment  was  conducted  with  sterile  VT  soil 
(pH  5.6). 

Analytical  Methods.  All  CL-20  standards  and  samples  were  prepared  in  acidified  (pH  3) 
mixtures  of  50:50  CHsCNiHoO.  Dissolved  soil  organic  matter  or  clay  mineral  that  precipitated 
from  solution  at  pH  3  were  separated  by  centrifugation  for  10  min.  at  16  000  x  g  (Eppendorf 
Centrifuge  5415D),  and  the  supernatant  was  subsequently  analyzed  by  HPLC. 

CL-20,  nitrate  (NO3')  and  formate  (HCOO  )  ions  were  quantified  as  described  in  previous 
sections.  Analysis  of  nitrite  (NO2)  ions  was  performed  colorimetrically  as  described  in  EPA 
Method  354.1  (USEPA,  1979). 

Accomplishments 

Sorption/desorption  Kinetics.  Kinetics  experiments  were  performed  using  VT  (2.3  %  TOC)  and 
GS  (34  %  TOC)  soils  in  order  to  determine  the  minimum  time  required  to  reach  sorption  and 
desorption  equilibria.  The  sorption  experiments  revealed  differing  behavior  in  both  soils  (Figure 
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20). 


Sorption 


Desorption 


Time  (h) 


Time  (h) 


Figure  20  Sorption  and  desorption  kinetics  for  CL-20  with  VT  and  GS  soils  (Error  bars  represent  the 
standard  deviation  of  3  replicates). 


For  GS  soil,  a  rapid  sorption  occurred  with  maximal  sorption  (94  %)  reached  within  1.5 
h,  while  VT  soil  yielded  a  slower  sorption,  with  approximately  200  hours  being  required  to  attain 
sorption  equilibrium  (60  %  sorption).  In  the  case  of  VT,  a  fast  initial  adsorption  is  followed  by  a 
slower  migration  and  diffusion  of  the  CL-20  into  the  organic  matter  matrix  and  mineral  structure. 
These  results  show  that  the  sorbing  sites  present  in  GS  soil  are  easier  to  reach  than  those  present 
in  VT  soil,  suggesting  that  different  types  of  sites  are  involved  in  CL-20  immobilization  by  soils. 
No  information  is  yet  available  on  the  sorption  and  desorption  kinetics  of  CL-20  onto  soils,  but 
for  the  monocyclic  nitramines  RDX  and  HMX,  a  rapid  sorption  was  reported  to  occur  in  less  than 
24  h  for  each  compound  in  different  soils,  including  VT  soil  (Xue  et  al.,  1995;  Myers  et  al., 
1998;  Sheremata  et  al.,  2001;  Monteil-Rivera  et  al.,  2003).  The  slower  sorption  of  CL-20  onto 
the  VT  soil  is  indicative  of  a  different  sorption  mechanism  operating  for  CL-20  than  for  RDX 
and  HMX. 

Desorption  equilibria  were  achieved  in  less  than  1  h  and  20  h  for  GS  and  VT  soils, 
respectively  (Figure  20).  As  was  the  case  for  sorption,  desorption  of  CL-20  from  VT  soil  is 
probably  delayed  by  the  need  for  the  chemical  to  diffuse  through  the  soil  structure. 

CL-20  sorption/desorption  isotherms.  Sorption  and  desorption  isotherms  of  CL-20  in  soils  are 
presented  in  Figure  21  for  the  SSL,  VT,  FSB,  FS  and  GS  soils.  Since  no  microbial  growth 
inhibitor  was  added  to  the  media  and  non-sterile  soils  were  used,  some  degradation  of  CL-20  was 
observed  (2  to  16  %  depending  on  the  soil  employed  (Table  6)  during  the  time  frame  of  the 
sorption/desorption  isotherms  (about  one  week).  In  order  to  account  for  CL-20  degradation,  the 
amount  of  sorbed  CL-20  was  determined  by  extracting  the  soil  with  acetonitrile,  rather  than 
estimating  it  by  difference  from  the  aqueous  concentration. 

Non  linear  regression  procedures  using  Microcal  Origin  software  were  utilized  for  fitting 
Freundlich  and  linear  (1/n  set  equal  to  1)  isotherms  to  the  sorption  data.  Values  of  the  resulting 
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parameters  for  the  two  models  along  with  the  R"  values  are  presented  in  Table  6  and  theoretical 
curves  resulting  from  the  Freundlich  model  are  presented  in  Figure  21.  From  the  data  presented, 
it  is  evident  that  all  sorbents  exhibited  nonlinear  isotherms,  with  1/n  values  ranging  from  0.49  to 
0.94.  The  R"  values  show  that  the  Freundlich  model  fits  the  equilibrium  sorption  data  better  than 
the  linear  model.  Moreover,  the  linear  model  is  not  appropriate  for  describing  FSB  and  GS  soils 
(R“  <  0.7).  The  general  nonlinearity  of  the  isotherms  observed  in  this  study  indicates  that  CL-20 
sorption  to  soil  occurs  through  interactions  with  different  classes  of  sites  having  different 
sorption  energies  (Weber  and  DiGiano,  1996). 

Sorption  was  significantly  higher  in  the  FS  (IQ  =  311  L  kg  ’),  GS  (IQ  =  1 87  L  kg  ')  and  FSB  (IQ 
=  37  L  kg1)  soils  than  in  the  VT  (IQ  =  15.1  L  kg1)  and  SSL  (IQ  =  2.4  L  kg'1)  soils.  The  higher 
Kd  (and  IQ)  values  obtained  in  soils  with  higher  organic  content  suggest  that  soil  organic  matter 
plays  a  determining  role  in  CL-20  sorption.  This  result  demonstrates  a  major  difference  in 
behavior  between  CL-20  and  the  two  monocyclic  nitramines,  RDX  and  HMX,  whose  sorption 
onto  soil  was  previously  demonstrated  to  be  independent  of  organic  content  (Leggett,  1985; 
Sheremata  et  al.,  2001;  Brannon  et  al.,  2002;  Monteil-Rivera  et  al.,  2003). 


Higher  affinity 


[CL-20]  (mg  L'1) 

L  J  aqueous  v  0  ' 


Lower  affinity 


[CL-20]  (mg  L'1) 

L  J  aqueous  v  °  ' 


Figure  21  Sorption-desorption  isotherms  for  CL-20  in  non-sterile  SSL,  VT,  FSB,  GS  and  FS  soils  at 
ambient  temperature  (sorption:  filled  symbols,  solid  lines;  desorption:  hollow  symbols,  dashed  lines;  for 
clarity,  data  obtained  with  soils  having  a  high  affinity  for  CL-20  are  presented  separately  from  data 
obtained  with  soils  having  a  low  affinity  for  CL-20). 
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Table  6  Isotherm  parameters,  Koc,  and  recoveries  for  CL-20  sorption  and  desorption  by  various  soils. 


Soil 

Freundlich  Fitting 

Linear  Fitting 

%  Recoveryd 

KFa 

1/n 

r2 

Kdb 

r2 

Kocc 

SSL 

sorption 

2.57  ±  0.11e 

0.94  ±  0.04e 

0.983 

2.43  ±  0.04e 

0.981 

736 

97.0  ±  2.3 

desorption 

4.22  ±0.15 

0.89  ±0.07 

0.956 

4.43  ±0.11 

0.947 

VT 

sorption 

15.53  ±0.50 

0.87  ±0.08 

0.948 

15.06  ±0.42 

0.928 

655 

97.3  +  2.8 

desorption 

25.09  ±  1.27 

1.09  ±0.11 

0.932 

24.14  ±0.65 

0.929 

FSB 

sorption 

23.76  ±  2.03 

0.57  ±  0.06 

0.884 

36.86  ±2.26 

0.667 

230 

98.5  +  8.2 

desorption 

27.86  ±5.27 

0.59  ±0.11 

0.716 

48.81  ±3.38 

0.569 

GS 

sorption 

54.83  ±8.57 

0.49  ±  0.06 

0.867 

187.43  ±  13.73 

-0.027 

551 

92.6  +  5.8 

desorption 

54.31  ±  11.07 

0.50  ±  0.08 

0.834 

190.59  ±  13.71 

0.150 

FS 

sorption 

232.52  ±71.31 

0.90  ±0.10 

0.904 

310.83  ±9.37 

0.895 

1554 

84.3  +  11.0 

desorption 

75.98  ±  16.47 

0.53  ±  007 

0.873 

330.84  ±21.95 

0.402 

a  Freundlich  coefficient  in  mg11/n  kg"1  L1/n.  b  Distribution  coefficient  in  L  kg'1.  c  Organic  carbon-normalized  sorption  coefficient  in  L  kg"1.  J  Average  percent 
recovery  of  CL-20  for  all  sorption-desorption  samples  in  one  soil,  as  determined  by  adding  the  amount  of  sorbed  CL-20  to  the  amount  of  CL-20  present  in  the 
aqueous  phase.  Error  denotes  standard  deviation  (n  =  36  for  SSL,  VT,  and  FSB  soils;  n  =24  for  GS  soil;  n  =  29  for  FS  soil). e  Standard  error. 
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The  higher  log  Kow  measured  for  CL-20,  compared  to  that  of  RDX  and  HMX  (see  Table  3) 
demonstrates  a  higher  hydrophobicity  of  the  former,  which  is  likely  responsible  for  its  superior 
affinity  towards  soils  with  high  organic  content.  Numerous  relationships  based  on  Equation  3 
have  been  developed  between  soil  sorption  coefficients  (Koc)  and  n-octanol/water  coefficients 

(Kow): 


Log  Koc  =  m  log  Kow  +  b  [3] 

where  m  and  b  are  parameters  extracted  from  linear  regressions.  To  predict  a  Koc  value  from  a 
Kow  value,  a  reasonable  similarity  should  be  ensured  between  the  solute  molecule  of  interest  and 
the  family  of  compounds  used  to  establish  the  data  set  upon  which  m  and  b  are  based  (Sabljic  et 
al.,  1995).  No  correlation  is  currently  available  in  the  literature  for  nitramines,  but  by  applying 
the  general  model  given  by  Sabljic  et  al.  (1995)  for  non-hydrophobic  chemicals  (defined  as 
chemicals  containing  atoms  other  than  C,  H,  and  halogens  (m  =  0.52;  b  =  1.02)),  a  Koc  value  of 
104  L  kg"1  was  found  for  CL-20.  The  fact  that  this  theoretical  value  is  inferior  to  all  those 
measured  in  the  present  study  (see  Table  6),  coupled  with  the  fact  that  the  Koc  values  measured 
varied  by  almost  one  order  of  magnitude  confirms  that  CL-20  adsorption  onto  organic  matter  is 
not  limited  to  a  pure  physical  distribution  process,  as  already  suggested  by  the  non-linear 
isotherms.  It  is  thus  the  type  of  organic  matter  present  in  soils,  rather  than  its  amount,  which  will 
be  a  determining  factor  in  the  immobilization  of  CL-20. 

A  sorption-desorption  hysteresis  (KdD  >  KdS)  was  observed  for  the  SSL  and  VT  soils 
(Ligure  21,  Table  6),  while  sorption  to  the  LS  and  GS  soils  appears  to  be  fully  reversible  (Kdl)  ~ 

c 

Kd  ).  Meanwhile,  the  large  divergence  observed  on  the  measurements  performed  with  LSB  soil 
makes  it  hard  to  ascertain  whether  or  not  this  soil  gave  rise  to  sorption  hysteresis.  Hysteresis 
phenomena  can  be  caused  by  organic  matter  or  mineral  constituents  of  soil.  We  assessed  the 
sorption  of  CL-20  onto  silica,  ferric  oxide  and  three  different  clays  (Table  7).  Clays  have  been 
shown  to  play  a  determining  role  in  the  sorption  of  RDX  and  HMX  (Brannon  et  al.,  2002); 

c 

moreover  when  HMX  was  adsorbed  on  montmorillonite  under  similar  conditions,  a  Kd  value  of 
15.6  L  kg"1  was  measured.  It  is  clear  from  the  data  presented  in  Table  7  that  CL-20  has  a  low 
tendency  to  adsorb  on  any  of  the  mineral  phases,  and  that  it  adsorbs  much  less  on  clay  than  do 
RDX  and  HMX. 

Based  on  LTIR  measurements,  Boyd  et  al.  (2001)  suggested  that  nitro-containing  compounds  are 
strongly  retained  by  complexation  between  metals  in  clay  minerals  (e.g.,  K+)  and  -NCB  groups. 
With  6  -NO2  groups,  CL-20  contains  more  sites  capable  of  interacting  with  such  metals 
compared  to  RDX  (3  -NO2)  and  HMX  (4  -NO2).  However,  its  polycyclic  caged  structure  makes  it 

o 

a  bulkier  compound  (~  6-7  A  diameter,  as  estimated  from  crystallographic  data  (Zhao  and  Shi, 

o  o 

1996))  that  is  unable  to  migrate  into  the  clay  layers  (3-9  A  for  a  montmorillonite,  ~  5  A  for  a 
smectite  (Brindley,  1981)).  Given  the  small  contribution  of  mineral  phases  in  CL-20  retention, 
the  hystereses  observed  with  VT  and  SSL  soils  are  likely  caused  by  the  organic  content  of  soil. 
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Table  7  Sorption  and  stability  of  CL-20  with  minerals. 


Mineral 

PH 

KdSa(±  SD,  n=3)  (L  kg'1) 

%  Recovery11  (±  SD,  n=3) 

Silica 

6.0 

0.35  ±  0.05 

89.4  ±0.9 

Fe203 

5.9 

~0 

93.6  ±  1.0 

Montmorillonite 

2.4 

0.62  ±  0.07 

99.9  ±  1.6 

Kaolinite 

5.4 

0.14  ±0.04 

95.7  ±0.3 

Illite 

5.4C 

0.30  ±  0.04 

97.8  ±0.5 

a  Distribution  coefficient  for  sorption.  b  Average  percent  recovery  of  CL-20  determined  after  adding  the  amount  of 
sorbed  CL-20  to  the  amount  of  CL-20  present  in  the  aqueous  phase. c  After  adjustment  with  HC1. 


The  full  CL-20  recoveries  we  obtained  upon  sonicating  the  sorbed  soils  in  acetonitrile  rules  out 
the  formation  of  covalent  bonds  between  CL-20  and  organic  matter  as  the  reason  for  the 
hysteresis.  Weber  et  al.  (1998)  previously  suggested  that  the  form  of  the  soil  organic  matter 
played  a  critical  role  in  the  hysteresis  observed  in  the  sorption-desorption  behavior  of  HOCs  such 
as  phenanthrene.  Humic  acids,  with  their  large  microporosities,  allow  for  fast  interaction  with 
water,  thus  producing  a  reversible  sorption.  In  contrast,  condensed  organic  matter  presents 
physically  rigid  zones  that  interact  poorly  with  water  and  tend  to  trap  any  molecules  sorbed 
within  it,  producing  a  sorption-desorption  hysteresis  (Weber  et  al.,  1998).  It  is  possible  that  the 
hysteresis  observed  in  the  present  study  was  due  to  an  entrapment  of  CL-20  in  condensed  organic 
matter.  However,  a  matrix  change  that  could  occur  from  the  sorption  to  the  desorption  step  to 
give  access  to  sites  with  higher  sorbing  capacity  in  the  desorption  batch  is  not  excluded. 


Interaction  of  CL-20  with  organic  matter  (OM).  As  reported  in  the  annual  report  of  2003,  CL- 
20  sorption  was  significantly  higher  in  soils  with  higher  organic  content  thus  suggesting  that  soil 
organic  matter  played  a  determining  role  in  the  sorption  (Table  8). 

This  result  demonstrated  a  major  difference  in  behavior  between  CL-20  and  the  two 
monocyclic  nitramines,  RDX  and  HMX,  the  sorption  of  which  was  previously  demonstrated  to  be 
independent  of  organic  content  (Leggett,  1985;  Sheremata  et  al.,  2001;  Brannon  et  al.,  2002; 
Monteil-Rivera  et  al.,  2003).  The  higher  log  Kow  measured  for  CL-20  (1.92),  compared  to  that  of 
RDX  (0.90)  and  HMX  (0.16)  (Monteil-Rivera  et  al.,  2004)  demonstrates  a  higher  hydrophobicity 
of  the  former,  which  was  likely  responsible  for  its  superior  affinity  towards  soils  with  high  organic 
content.  However,  as  seen  in  Table  6,  the  Koc  values  varied  by  almost  one  order  of  magnitude 
from  soil  to  soil,  which  suggested  that  CL-20  adsorption  onto  organic  matter  was  not  limited  to  a 
pure  physical  distribution  process. 

In  order  to  better  understand  the  role  of  organic  matter  (OM)  in  the  sorption  of  CL-20, 
three  of  the  above  soils  were  washed  with  an  NaOH  solution  to  extract  the  amorphous  organic 
matter  and  sorption  isotherm  experiments  were  conducted  with  (1)  the  three  sterile  soils,  (2)  the 
three  sterile  alkali- washed  soils  and  (3)  the  three  sterile  corresponding  extracted  OMs.  Organic 
matter  that  is  not  extracted  in  alkaline  solution  is  known  to  be  more  condensed  and  more  reduced 
than  the  extractable  fraction,  which  is  usually  composed  of  humic  acids,  i.e.  amorphous  OM  (Ran 
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et  al.,  2002).  Analysis  of  the  three  extracted  OM  samples  by  solid  CP-MAS  13C-NMR  gave  three 
spectra  similar  to  each  other  and  typical  of  soil  humic  acid  (Monteil-Rivera  et  al.,  2000).  Sorption 
data  presented  in  table  9  show  that  CL-20  exhibited  a  higher  affinity  for  the  unextractable  OM 
(condensed  and/or  reduced  OM)  than  for  the  extractable  organic  matter  (humic  acids). 


Table  8  Isotherm  parameters  and  Koc  for  CL-20  sorption  and  desorption  by  various  soils. 


Linear  Fitting 


Soil 

TOC  (%) 

Kda 

7 

Kocb 

SSL 

0.33 

sorption 

2.43  ±  0.04e 

0.981 

736 

desorption 

4.43  ±0.11 

0.947 

VT 

2.3 

sorption 

15.06  ±0.42 

0.928 

655 

desorption 

24.14  ±0.65 

0.929 

LSB 

16 

sorption 

36.86  ±2.26 

0.667 

230 

desorption 

48.81  ±3.38 

0.569 

GS 

34 

sorption 

187.43  ±  13.73 

-0.027 

551 

desorption 

190.59  ±  13.71 

0.150 

LS 

20 

sorption 

310.84  ±9.37 

0.895  [ 

1554 

desorption 

330.84  ±21.95 

0.402 

a  Distribution  coefficient  in  L  kg'1.  b  Organic  carbon-normalized  sorption  coefficient  in  L  kg'1. 


The  Koc  value  was  also  measured  with  a  standard  soil  humic  acid  obtained  from  the 
International  Humic  Substances  Society  and  a  value  of  386  L  kg"1  was  obtained  in  agreement 
with  the  three  values  measured  with  the  extracted  OM  samples.  Soil  humic  acids  thus  led  to 
relatively  low  Koc  values  (~  200-400  L  kg"1)  compared  to  the  Koc  of  unextracted  OM  (400-2200 
L  kg"1).  However,  the  high  variations  of  the  latter  demonstrate  that  several  types  of  organic 
matter  may  remain  in  the  soil  after  extracting  the  humic  acids.  More  work  is  still  necessary  to 
further  understand  the  different  sorbing  behaviors  of  unextracted  OM. 

In  conclusion,  these  data  demonstrate  that  adsorption  of  CL-20  is  lower  on  amorphous 
humic  acid  than  on  more  condensed  soil  organic  fraction.  The  adsorption  of  CL-20  on  a  soil  will 
then  be  function  of  the  amount  of  each  organic  fraction  in  the  soil.  Consequently,  estimating  CL- 
20  adsorption  coefficient  for  a  given  soil  based  on  the  sole  organic  content  will  not  be  possible. 
Experiments  are  presently  ongoing  to  study  the  effect  of  aging  on  the  sorption  extent  and 
reversibility. 

Behavior  of  CL-20  in  alkaline  soils.  We  have  just  demonstrated  that  CL-20  can  be  significantly 
sorbed  to  soils,  provided  that  the  latter  contains  organic  matter.  Given  that  CL-20  undergoes 
rapid  hydrolysis  under  alkaline  conditions  (pH  10)  (section  VII),  it  would  now  be  worthwhile  to 
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determine  how  the  presence  of  soils  affects  the  hydrolysis  of  CL-20.  In  order  to  generate  a  pH- 
profile  of  CL-20  stability  in  soil,  we  adjusted  the  pH  of  VT  soil  and  contacted  it  with  CL-20 
solution  for  65  hours.  Below  pH  7.5,  percent  recoveries  remained  approximately  constant  at  ca. 
100  %,  while  above  pH  7.5,  CL-20  degraded  (Figure  22). 


Table  9  Koc  extracted  from  sorption  isotherms  with  different  fractions  of  soil  organic  matter 


Koc  (L  kg1) 


Soil 


VT 

681 

753 

339 

FSB 

334 

475 

227 

FS 

1383 

2212 

162 

Figure  22  Percent  recovery  of  CL-20  upon  agitation  at  different  pHs  and  ambient  temperature,  in 
presence  or  not  of  non-sterile  VT  soil. 


The  disappearance  of  CL-20  was  accompanied  by  the  formation  of  NCL"  and  HCOO  .  The  fact 
that  degradation  was  observed  in  soils  with  pH  >7.5  indicates  that  CL-20  will  not  persist  in 
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naturally  alkaline  soil  environments.  In  aqueous  control  samples  of  CL-20  (Figure  22), 
degradation  was  observed  at  pH  >  7.5  and  was  complete  at  pH  >8.1.  The  greater  extent  of 
degradation  observed  in  the  control  solutions  than  in  the  soils  at  pH  >  8  suggests  that  to  a  certain 
extent,  the  presence  of  soil  protects  CL-20  against  decomposition. 

Given  the  significant  degradation  of  CL-20  observed  when  we  increased  the  pH  of  VT 
suspensions,  the  behavior  of  CL-20  was  followed  over  time  in  two  sterile,  naturally  alkaline 
soils.  After  14  days  of  contact  with  sterile  SAC  and  sterile  CSS  soils  (pH  8.1),  100  %  and  82  % 
of  the  CL-20  degraded,  respectively,  compared  to  only  8  %  loss  in  sterile  VT  soil  (pH  5.6) 
(Figure  23).  Clearly,  CL-20  is  not  stable  in  alkaline  soils.  In  fact,  degradation  in  the  naturally 
alkaline  soils  produced  2  equivalents  of  nitrite  (NCF")  for  each  mole  of  CL-20  reacted,  exactly  as 
observed  for  the  aqueous  alkaline  hydrolysis  of  CL-20  at  pH  10.  Despite  the  equivalent  pH 
values  of  both  soils,  CL-20  degraded  faster  in  SAC  soil  than  it  did  in  CSS  soil.  SAC  soil  contains 
very  low  amounts  of  the  two  most  active  sorbents  in  soils  (0.1  %  clay  and  0.08  %  TOC),  whereas 
CSS  soil  contains  clay  (44.5  %)  and  organic  carbon  (0.31  %).  As  a  result,  CL-20  does  not  sorb 
onto  SAC  soil  (Kd  ~  0  L  kg"  )  and  is  thus  not  protected  from  degradation.  In  contrast,  the  slight 
sorption  to  CSS  soil  (KdS  =  1.0  ±  0.3  L  kg"1,  n  =  24)  retards  CL-20  hydrolysis.  The  minor 
increase  of  Kd  from  0.97  (after  1  d)  to  1.26  (after  14  d)  L  kg"  throughout  the  degradation 
experiment  indicates  a  progressive  desorption  of  CL-20  from  the  soil.  Therefore,  sorption  retards 
the  hydrolysis  of  the  energetic  chemical  but  it  does  not  prevent  it. 


Figure  23  Stability  of  CL-20  in  sterile  soils  having  various  pHs  (CSS  and  SAC  =  pH  8. 1 ;  VT  =  pH  5.6) 
(Error  bars  represent  the  standard  deviation  of  3  replicates). 


Abiotic  degradation  of  CL-20  in  SAC  soil  (pH  8.1).  Following  the  demonstration  that  CL-20 
could  be  abiotically  degraded  in  slightly  alkaline  soils  (Balakrishnan  el  al.,  2004b)  and  the  recent 
advances  we  made  by  discovering  the  formation  of  glyoxal  in  both  abiotic  and  biotic  processes, 
we  used  one  of  the  sterilized  alkaline  soils  and  determined  the  product  distributions  over  time 
(Figure  24).  Disappearance  of  CL-20  was  concomitant  with  the  formation  of  NOo’  (2.3  equ.), 
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NoO  (4.2  equ.),  HCOO  (1.2  equ.),  and  NH3  (0.9  equ.)  with  a  stoichiometry  closely  similar  to  that 
observed  in  water  at  pH  10,  except  for  N2O  (NO2":  ~1.9  equ.;  N2O:  0.9  equ.;  HCOO":  0.5  equ.; 
NH3:  0.8  equ.)  (Balakrishnan  et  al.,  2003).  Besides  these  products,  glyoxal  was  formed  with  a 
maximum  concentration  (0.35  equ.)  being  reached  after  45  h.  Glyoxal  was  transformed  further  to 
partially  produce  glycolate  (0.2  equ.).  When  a  control  was  done  with  glyoxal  in  the  same  soil,  70 
%  loss  was  measured  after  48  h  of  contact  time.  Glyoxal,  with  its  two  aldehyde  groups,  is  a  very 
reactive  molecule  that  can  either  degrade  to  yet  unidentified  products  or  be  covalently  bound  to 
the  soil  matrix.  More  work  is  still  necessary  to  identify  products  of  glyoxal  in  soil. 


— •— 
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— «— 
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Figure  24  Time -course  study  of  abiotic  transformation  of  CL-20  in  sterilized  SAC  soil  (pH  8.1).  Bars 
indicate  standard  deviation  ( n  =  2). 


Conclusion  and  Perspectives 

This  study  reveals  that  CL-20  can  be  highly  retained  by  soils  (a  Kd  as  high  as  300  L  kg  1 
was  measured).  In  contrast  to  the  monocyclic  nitramines,  RDX  and  HMX,  that  were  mainly 
adsorbed  by  the  clay  fraction  of  soil,  CL-20  affinity  for  soil  is  governed  by  the  organic  content  of 
soil,  and  only  a  small  fraction  of  the  energetic  chemical  is  actually  bound  to  the  mineral  phase. 
The  type  of  organic  matter  rather  than  its  amount  appeared  determining  in  the  immobilization  of 
CL-20  onto  soils,  thus  indicating  that  the  exclusive  use  of  the  log  Kow  value  will  not  be  sufficient 
for  predicting  sorption  of  CL-20  to  soil.  Further  work  is  underway  to  determine  whether  the  high 
affinity  of  CL-20  towards  certain  soils  is  attributable  to  the  physical  structure  or  to  the  chemical 
composition  of  the  organic  matter  and  to  study  the  effect  of  aging  on  CL-20  availability. 

The  present  study  showed  that  CL-20  sorption  to  soil  retards  its  hydrolysis  but  does  not 
eliminate  this  process.  Even  when  sorbed,  the  chemical  readily  decomposes  in  natural  soils  with 
pH  >  7.5  suggesting  that,  unlike  RDX  and  HMX,  CL-20  will  not  be  a  persistent  organic  pollutant 
in  even  slightly  alkaline  soils.  Degradation  of  CL-20  in  a  sterilized  soil  gave  products  similar  to 
those  observed  with  either  Fe°  or  enzymes.  Glyoxal  transformed  further  to  partially  produce 
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glycolate  but  more  work  is  necessary  to  understand  the  fate  of  the  dialdehyde  in  soil.  While  an 
excellent  N  mass  balance  was  obtained  (98  %  of  N  recovered),  uncertainty  remains  on  the  fate  of 
carbon-containing  compounds  (27  %  of  C  recovered). 

We  showed  that  CL-20  could  be  highly  retained  by  soils  (a  Kd  as  high  as  300  L  kg  1  was 
measured).  In  contrast  to  the  monocyclic  nitramines,  RDX  and  HMX,  that  were  mainly  adsorbed 
by  the  clay  fraction  of  soil,  CL-20  affinity  for  soil  is  governed  by  the  organic  content  of  soil,  and 
only  a  small  fraction  of  the  energetic  chemical  is  actually  bound  to  the  mineral  phase.  The  type  of 
organic  matter  rather  than  its  amount  appeared  determining  in  the  immobilization  of  CL-20  onto 
soils,  thus  indicating  that  the  exclusive  use  of  the  log  Kow  value  was  not  sufficient  for  predicting 
sorption  of  CL-20  to  soil.  CL-20  sorption  to  soil  was  also  shown  to  retard  abiotic  degradation  of 
the  chemical  in  alkaline  soils. 
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XI  Microbial  and  enzymatic  degradation  of  CL-20 

Results  from  these  tasks  were  published  in: 

1.  Bhushan  B,  HalaszA,  Hawari  J.  2006.  Effect  of  iron  (III),  humic  acid,  and  anthraquinmone- 

2,  6-disulphonate  on  biodegradation  of  cyclic-nitramines  by  Clostridium  sp.  EBD2.  J. 
Appl.  Microbiology  100:  555-563. 

2.  Fournier  D,  Monteil-Rivera  F,  HalaszA,  BhattM,  Hawari  J.  2005.  Degradation  of  CL-20  by 

white-rot  fungi.  Chemosphere  (In  press ) 

3.  Bhushan,  B.,  A.  Halasz,  Hawari  J.  2005.  Biotransformation  of  CL-20  by  a  dehydrogenase 

enzyme  from  Clostridium  sp.  EDB2.  Appl.  Microbiol.  Biotech.  69:  448-455. 

4.  Bhushan  B,  Halasz  A,  Hawari  J.  2005.  Stereo-specificity  for  pro-(R)  hydrogen  of  NAD(P)H 

during  enzyme-catalyzed  hydride  transfer  to  CL-20.  Biochem.  Biophys.  Res.  Commun. 
337:  1080-1083. 

5.  Bhushan  B,  HalaszA,  Hawari  J.  2004.  Nitroreductase  catalyzed  biotransformation  of  CL-20. 

Biochem.  Biophys.  Res.  Commun.  322:271-276. 

6.  Bhushan  B,  Halasz  A,  Thiboutot  S,  Ampleman  G,  Hawari  J.  2004.  Chemotaxis -mediated 

biodegradation  of  cyclic  nitramine  explosives  RDX,  HMX  and  CL-20  by  Clostridium  sp. 
EDB2.  Biochem.  Biophys.  Res.  Commun.  316:816-821. 

7.  Bhushan  B,  HalaszA,  Spain  JC,  Hawari  J.  2004.  Initial  reaction)  s)  in  biotransformation  of 

CL-20  is  catalyzed  by  salicylate  1 -mono oxygenase  from  Pseudomonas  sp.  strain  ATCC 
29352.  Appl.  Environ.  Microbiol.  70:4040-4047. 

8.  Trott  S,  Nishino  SF,  Hawari  J,  Spain  J.  2003.  Biodegradation  of  the  nitramine  explosive  CL- 

20.  Appl.  Environ.  Microbiol.  69:1871-1874. 

9.  Bhushan  B,  Paquet  L,  Spain  JC,  Hawari  J.  2003.  Biotransformation  of  2,4,6,8,10,12- 

hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane  (CL-20)  by  denitrifying  Pseudomonas  sp. 
Strain  FA1.  Appl.  Environ.  Microbiol.  69:5216-5221. 
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PREFACE 


In  order  to  determine  whether  biodegradation  affects  the  fate  and  transport  of  CL-20  in 
terrestrial  and  aquatic  ecosystems,  we  evaluated  the  ability  of  several  microorganisms,  bacteria 
and  fungi,  to  biodegrade  CL-20  in  laboratory  microcosms.  A  CL-20  degrading  bacterial  strain, 
Agrobacterium  sp.  JS71,  was  first  isolated  from  enrichment  cultures  containing  garden  soil  (from 
Panama  City,  Florida)  as  inoculum,  succinate  as  carbon  source,  and  CL-20  as  nitrogen  source. 

In  another  study,  a  facultative  CL-20  degrading  bacterium,  strain  Pseudomonas  sp.  Strain 
FA1  FA1,  was  isolated  from  a  Canadian  garden  topsoil.  Strain  FA1  appeared  to  be  a  gram¬ 
negative,  motile  denitrifying  bacteria  that  was  found  to  biotransform  under  both  anaerobic  as 
well  as  aerobic  conditions,  but  favorably  under  anaerobic  conditions  in  the  presence  of  an 
electron  donor  [NAD(P)H],  Several  other  bacterial  species  capable  of  degrading  CL-20  were 
isolated  from  a  variety  of  microbial  sources,  namely  municipal  garbage  dumping  site,  explosive- 
contaminated  soil  and  garden  soil  of  the  institute  campus.  In  subsequent  chapters  we  will 
discuss  in  more  details  biotransformation  of  CL-20  with  several  isolates  and  enzymes  under  both 
aerobic  and  anaerobic  conditions.  We  will  determine  reaction  kinetics,  reaction  stoichiometry, 
carbon  and  nitrogen  mass  balances  and  attempt  to  elucidate  initial  and  secondary 
biotransformation  routes  involved  in  the  degradation  for  the  energetic  chemicals. 
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XII  Aerobic  degradation  of  CL-20 


Results  from  these  tasks  were  published  in: 

1.  Trott  S,  Nishino  SF,  Hciwari  J,  Spain  J.  (2003)  Biodegradation  of  the  nitramine  explosive  CL-20. 
Appl.  Environ.  Microbiol.  69:1871-1874. 

2.  Bhushan  B.  Paquet  L,  Spain  JC,  Hciwari  J.  (2003)  Biotransformation  of  2,4,6, 8,10, 12-hexanitro- 
2,4,6,8,10, 12-hexaazaisowurtzitane  (CL-20)  by  denitrifying  Pseudomonas  sp.  Strain  FA1.  Appl. 
Environ.  Microbiol.  69:5216-5221. 

3.  Fournier  D,  Monteil-Rivera  F,  Halasz  A.,  Bhatt  M,  Hawari  J.  (2005)  Degradation  of  CL-20  by 
white-rot  fungi.  Chemosphere  (In  press) 


XII.  1  Biotransformation  of  CL-20  by  P.  clirysosporium 
Introduction 

In  the  present  study,  we  use  the  fungus  P.  clirysosporium  to  determine  the  degradation 
products  of  CL-20.  Because  our  previous  studies  performed  with  HMX  (Fournier  et  al.,  2004a) 
revealed  that  the  use  of  the  whole  fungus  could  prevent  the  detection  of  some  early  or  transient 
metabolites,  the  purified  ligninolytic  enzyme  manganese  peroxidase  (MnP,  EC  1.11.1.13)  from 
Nemalotoma  frowardii  was  thus  used  in  the  present  study  to  degrade  CL-20  in  an  attempt  to 
identify  products  of  degradation.  The  radiotracer  [l4C]-CL-20  was  employed  to  conduct 
mineralization  experiments  and  thereby  improve  the  carbon  mass  balance.  Moreover,  since  the 
degradation  of  CL-20  with  Fe°  led  to  the  formation  of  important  amounts  of  glyoxal  that  further 
degraded  to  glycolate  (Balakrishnan  et  al.,  2004a),  we  will  also  measure  mineralization  of  the 
dialdehyde  to  investigate  its  role  in  the  mineralization  process. 

Material  and  Methods 

Chemicals.  CL-20  (in  e-form),  [15N]-amino  labeled  CL-20,  [15N]-nitro  labeled  CL-20,  and  [14C]- 
CL-20  were  provided  by  A.T.K.  Thiokol  Propulsion  (Brigham  City,  UT).  [14C]-glyoxal  was 
purchased  from  American  Radiolabeled  Chemicals  (Saint-Louis,  MO).  All  other  chemicals  used 
in  this  study  were  of  reagent  grade. 

Soil  characteristics.  An  agricultural  topsoil  from  Varennes  (Quebec,  Canada)  designated  as  VT 
soil,  was  used  in  the  present  study.  The  VT  soil  granulometry  was  the  following  (%  w/w):  sand 
(83),  silt  (12),  and  clay  (4).  The  total  organic  carbon  was  (2.3%)  and  the  total  nitrogen  and 
phosphorus  were  1 100  and  400  mg.kg  ,  respectively.  VT  soil  had  a  pH  of  5.6.  Prior  to  usage,  the 
soil  was  passed  through  a  2  mm  sieve  and  residual  moisture  was  removed  by  air-drying  in  a 
fume-hood. 

Bio-transformation  of  CL-20  with  P.  clirysosporium.  The  strain  ATCC  24725  was  maintained 
on  Yeast  Peptone  Dextrose  (YPD)  plates  and  was  cultivated  in  the  modified  Kirk’s  nitrogen- 
limited  medium  (pH  4.5)  as  previously  described  (Tien  and  Kirk,  1988;  Fournier  et  al.,  2004b). 
Bio-transformation  experiments  were  performed  in  the  N-limited  mineral  medium  (10  mL  in  125 
mL  serum  bottle)  supplemented  with  CL-20  at  its  maximum  water  solubility  (ca.  3.6  mg  L"1  at 
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25°C).  Cultures  were  started  with  the  addition  of  2  x  106  fungal  spores.  Un-inoculated  bottles 
containing  the  sterile  CL-20  solution  were  incubated  as  controls  for  possible  abiotic  degradation. 
The  bottles  were  sealed  with  Teflon  coated  serum  septa  and  aluminum  caps.  The  cultures  were 

incubated  statically  in  the  dark  at  37  ±  2°C,  and  were  aerated  every  3  to  4  days. 

Bio-transformation  of  CL-20  with  MnP  of  Nemalotoma  frowardii.  The  MnP  from  a  high 
potential  fermentation  strain  of  Nemalotoma  frowardii  was  purchased  from  JenaBIOS  GmbH 
(Jena,  Germany).  The  enzymatic  reactions  were  performed  in  6-mL  vials  in  a  total  volume  of  1 
mL:  50  mM  sodium  malonate  (pH  4.5),  1  mM  MnCL,  H2O2  (0.33  mM),  MnP  (1.5  U)  and  CL-20 
(approximately  38  mg/L  in  an  attempt  to  generate  sufficient  amounts  of  reaction  intermediates  to 
allow  detection).  The  vials  were  sealed  with  Teflon  coated  serum  septa  and  aluminum  caps. 

Reactions  were  carried  out  at  37  ±  2°C  under  agitation  at  150  rpm. 

Mineralization  of  CL-20  and  glyoxal  with  fungi:  Carbon  mass  balance.  Mineralization  of  CL-20 
was  performed  by  adding  to  a  spore  suspension  or  to  7  day-old  mycelium  (see  above)  either 
[14C]-CL-20  (0.048  pCi)  or  [14C]-glyoxal  (0.26  pCi).  Formation  of  14C02  was  monitored  as 
described  previously  (Fournier  et  al.,  2002).  Microcosms  were  aerated  every  3  to  4  days. 

Bio-transformation  of  CL-20  pre-adsorbed  on  VT  soil  with  P.  chrysosporium.  Gamma- 
irradiated  VT  soil  (1.33  g)  was  added  to  10  mL  of  a  CL-20  solution  (ca.  3.6  mg  L"1)  prepared  in 
N-limited  medium  in  125-mL  serum  bottles.  The  bottles  were  sealed  with  Teflon  coated  septa 

and  aluminum  caps.  The  soil  slurries  were  then  shaken  for  2  weeks  at  37  ±  2°C  under  agitation  at 
200  rpm  to  allow  sorption  equilibrium  to  be  reached,  as  previously  determined  for  CL-20  and  VT 
soil  (Balakrishnan  et  al.,  2004b).  After  2  weeks  of  pre-equilibration,  cultures  were  started  with 
the  addition  of  2  x  106  fungal  spores.  Three  samples  were  sacrificed  for  each  selected  time  and 
analyses  of  CL-20  and  products  were  done  as  described  in  section  VI. 

Un-inoculated  bottles  containing  the  sterile  CL-20  solution  were  incubated  as  controls  for 
possible  abiotic  degradation.  The  sorption  obtained  after  fourteen  days  of  incubation  was 
measured  as  described  in  the  previous  paragraph  to  estimate  the  fraction  of  sorbed  CL-20  when 
starting  the  biodegradation  experiment. 

Analytical  Techniques.  At  the  end  of  each  enzymatic  or  microbiological  reaction  acidified 
acetonitrile  (0.25  mL  of  H2SO4  per  liter  of  acetonitrile)  was  added  to  the  reaction  mixture  to 
solubilize  any  undissolved  CL-20.  The  samples  were  then  submitted  to  sonication  at  20  °C  for  18 
h.  The  resulting  solution  was  filtered  through  a  0.45-pm  membrane  (Millipore  PTFE)  and  CL-20 
was  analyzed  by  HPLC  as  described  previously  (Monteil-Rivera  et  al.,  2004).  Analyses  of  nitrate 
(NOT),  formate  (HCOO ),  glycolate  (HOCH2COO  ),  ammonia  (NH3),  glyoxal,  and  intermediate 
products  of  CL-20  were  performed  as  previously  described  (section  IX;  Balakrishnan  et  al., 
2004a).  Nitrite  (NO2  )  was  analyzed  using  the  US  EPA  Method  354.1  (1979). 
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Accomplishments 


Bio-transformation  of  CL-20  with  P.  chrysosporium.  In  the  liquid  cultures  inoculated  with 
fungal  spores,  the  initial  concentration  of  CL-20  (3.6  mg  L"1)  started  to  degrade  after  2  days  of 
incubation  (Figure  25).  A  rapid  degradation  phase  started  after  2  days  of  incubation  and  led  to 
100  %  removal  of  CL-20  after  5  days  (Figure  25).  With  7-day  old  cultures,  no  lag  was  observed 
and  almost  all  of  the  CL-20  (11.5  mg  L"1)  was  depleted  within  2  days  of  incubation  (Annual 
report  2003).  No  degradation  of  CL-20  was  observed  in  the  non-inoculated  controls. 


Figure  25  Degradation  of  CL-20  (3.6  mg  L'1)  in  a  N-limited  medium  with  (A)  and  without  (□)  the 
addition  of  P.  chrysosporium  spores.  Bars  indicate  standard  deviation  (n  =  3). 


Metabolites  formed  during  the  degradation  of  CL-20.  Degradation  of  CL-20  by  P. 
chrysosporium  led  to  N20  (Annual  report  2003).  When  ring  labeled  [15N]-  CL-20  was  used,  GC- 
MS  analysis  revealed  the  presence  of  the  masses  44  (l4N20)  and  45  (14N15NO)  meaning  that  N20 
originated  from  both  nitro  ( l4N02)  and  nitramine  (15N-14N02)  groups  in  the  energetic  chemical. 

Because  no  early  intermediates  were  observed  when  the  whole  fungus  was  used,  MnP 
was  employed  to  determine  the  distribution  and  stoichiometry  of  CL-20  metabolites.  We 
previously  observed  that  the  culture  conditions  used  for  the  growth  of  P.  chrysosporium  allowed 
the  production  of  MnP,  with  only  traces  of  LiP.  The  concentration  and  the  amounts  of 
commercially  available  MnP  from  P.  chrysosporium  were  not  sufficient  to  allow  the  study  of 
CL-20  transformation.  Therefore,  in  order  to  detect  all  possible  metabolites  from  CL-20 
decomposition  we  used  a  commercial  MnP  purified  from  another  ligninolytic  white-rot  fungus, 
Nematoloma  frowcirdii.  It  should  be  noted  however  that  most  of  the  MnPs  described  so  far  seem 
to  follow  a  similar  catalytic  mechanism,  i.e.  oxidation  of  the  substrate  by  a  1 -electron  transfer 
(Hofrichter,  2002),  so  that  MnPs  from  different  basidiomycetes  should  attack  CL-20  in  a  similar 
way. 
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No  mononitroso  derivative  of  CL-20  was  observed  during  the  incubation  with  P. 
chrysosporium,  which  was  in  contrast  to  what  had  been  observed  during  incubation  of  HMX 
with  the  fungus  P.  chrysosporium  (Fournier  et  al.,  2004a).  Similarly,  incubation  with  MnP  did 
not  generate  any  CL-20  nitroso-derivative.  Instead  of  the  reductive  attack  reported  for 
biotransformation  of  TNT,  RDX,  or  HMX  by  P.  chrysosporium  (Hawari  et  al.,  1999;  Sheremata 
and  Hawari,  2000b;  Fournier  et  al.,  2004a),  we  thus  hypothesized  that  one  or  several  fungal 
extracellular  enzymes  such  as  MnP  participated  in  the  oxidation  of  CL-20  molecule. 

The  use  of  MnP  enabled  the  detection  of  an  HPLC  peak  showing  a  mass  ion  [M-H]  at 
345  Da  identical  to  the  intermediate  la  (Figure  17)  detected  during  reaction  with  iron  and 
photolysis  of  CL-20.  The  LC/MS  peak  matched  a  molecular  formula  of  CeHgNioOs  that  likely 
corresponded  to  the  doubly  denitrated  CL-20  molecule.  Like  in  the  photolysis  process,  the  use  of 
nitrogen  ring-labeled  [15N]-CL-20  gave  a  mass  ion  [M-H]  at  351  Da,  in  agreement  with  the 
formation  of  this  doubly  denitrated  intermediate. 

Nitrous  oxide  (N2O),  nitrite  ion  (NO2  ),  and  glyoxal  were  detected  and  quantified 
throughout  the  enzymatic  reaction  (Figure  26). 


Hours 

Figure  26  Time-course  study  of  bio-transformation  of  CL-20  by  MnP  purified  from  Nemalotoma 
frowardii. 


The  nitrite  formation,  which  was  concomitant  with  CL-20  removal,  supported  the 
occurrence  of  a  denitration  process.  The  formation  of  glyoxal  confirmed  the  occurrence  of  ring 
cleavage  and  decomposition  of  intermediate  la,  as  was  the  case  when  reacting  Fe°  with  CL-20 
(Balakrishnan  et  al.,  2004a).  Therefore  we  concluded  that  CL-20  underwent  a  double  denitration 
followed  by  ring  cleavage  as  shown  in  Figures  12  and  13. 

From  each  mole  of  CL-20  degraded,  approximately  0.5  mole  was  transformed  into  NO2",  and  0.5 
mole  was  transformed  into  N2O,  corresponding  to  5  and  8  %  of  total  N,  respectively.  Several 
assays  aimed  at  detecting  ammonium  (NH4+)  were  not  successful  because  of  the  presence  of  an 
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important  analytical  interference.  Ammonium  might  have  been  present  in  the  MnP  commercial 
preparation  and  another  enzymatic  assay  will  be  performed  with  washed  MnP.  In  terms  of  carbon 
stoichiometry,  we  experienced  again  a  major  analytical  interference  during  the  determination  of 
formate  (HCOO  ).  It  is  clear  that  formate  was  produced  from  CL-20,  but  quantification  of  the 
metabolite  was  not  possible.  It  will  be  repeated  with  washed  MnP.  As  reported  in  the  degradation 
of  CL-20  with  Fe°,  significant  amounts  of  glyoxal  were  produced.  The  ratio  of  glyoxal  over  CL- 
20  degraded  after  7  h  of  reaction  indicated  that  around  15  %  of  C  was  transformed  into  the 
dialdehyde. 

Because  glyoxal  is  a  known  toxic  chemical  (Shangari  et  al.,  2003),  its  formation  as  a 
product  of  CL-20  required  investigating  its  degradability  using  MnP  and  the  whole  fungus.  In  a 
separate  experiment,  we  tested  the  biodegradability  of  glyoxal  with  MnP.  The  dialdehyde 
remained  intact  during  more  than  18  hours  of  incubation  (result  not  shown).  Subsequently,  we 
measured  the  degradability  of  glyoxal  by  the  whole  fungus  P.  chrysosporium,  known  to  produce 
many  other  enzymes  than  MnP  (i.e.  glyoxal  oxidase,  several  isoforms  of  LiP  and  MnP, 
membrane-linked  cytochrome  P-450,  glutathione  S  transferase,  ...).  Figure  12  shows  the 
mineralization  of  glyoxal  with  P.  chrysosporium.  As  hypothesized,  the  enzymes  produced  by  the 
complex  fungal  culture  allowed  the  mineralization  of  glyoxal.  The  transformation  of  glyoxal  to 
CO2  began  after  1  day  of  incubation  and  produced  87  %  of  CO2  after  43  days  of  incubation 
(Figure  27). 


Figure  27  Mineralization  of  [14C] -glyoxal  added  to  a  spore  suspension  of  P.  chrysosporium  prepared  in 
N-limited  medium.  Bars  indicate  standard  deviation  from  triplicate  experiments. 


Mineralization  of  CL-20  using  P.  chrysosporium  cultures.  Two  mineralization  experiments 
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were  started  by  adding  [14C]-CL-20  (4.75  mg  I71)  to  the  microcosms:  one  involved  addition  of 
CL-20  to  a  7-day  old  culture  of  P.  chrysosporium,  and  another  involved  simultaneous  addition  of 
CL-20  and  non-ligninolytic  fungal  spores.  During  the  first  20  days  of  incubation,  no  significant 
difference  was  observed  between  the  two  culture  systems  (Figure  28).  The  production  of  CO2 
began  after  5  days  of  incubation  and  occurred  at  a  similar  rate  whether  CL-20  was  added  to 
spores  or  to  mycelium.  However,  after  20  days  of  incubation,  the  ligninolytic  cultures  (spiked 
with  [14C]-CL-20  on  day  7)  seemed  to  be  slightly  more  performant. 


Figure  28  Liberation  of  14CC>2  from  [14C]-CL-20  added  to  a  spore  suspension  of  P.  chrysosporium  (non- 
ligninolytic)  (A),  and  [14C]-CL-20  added  to  7-day  old  ligninolytic  fungal  culture  (□).  Experiments  were 
performed  in  N-limited  medium.  Bars  indicate  standard  deviation  from  triplicate  experiments. 


Biotransformation  of  CL-20  pre-adsorbed  on  VT  soil.  Since  we  showed  that  CL-20  sorption  to 
soil  could  retard  its  abiotic  degradation  but  did  not  stop  it  (Annual  report  2003,  Balakrishnan  el 
al.,  2004b),  we  investigated  the  effect  of  sorption  on  biotic  degradation  of  the  energetic  chemical. 
VT  soil,  which  demonstrated  a  sorption  coefficient  of  15  L  kg  1  (Balakrishnan  el  al.,  2004b),  was 
chosen  for  this  study.  The  nitramine  was  first  allowed  to  sorb  on  sterilized  soil  in  N-limited 
medium  and  the  fungal  spores  were  added  after  14  days  of  pre-equilibration.  The  degradation  of 
CL-20  in  soil  slurries  was  measured  and  compared  to  the  one  in  N-limited  medium  to  determine 
the  effect  of  sorption  on  the  biotransformation  kinetics. 

In  the  soil  slurries  where  80  %  of  the  CL-20  was  found  to  be  associated  with  the  soil 
particles,  degradation  occurred  at  a  slower  rate  (Figure  29)  than  in  the  liquid  cultures  (Figure  26). 
After  6  days  of  slow  degradation,  a  more  rapid  degradation  phase  was  observed,  which  lasted  12 
days  and  led  to  80  %  removal  of  CL-20,  before  a  new  decrease  of  degradation  rate  was  observed. 
Carbon  supplementation  by  addition  of  glucose  on  day  21  led  to  almost  complete  degradation 
after  35  days  (Figure  29).  Sorption  of  CL-20  on  VT  soil  did  not  prevent  degradation  of  the 
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chemical  by  P.  chrysosporium.  As  compared  to  the  degradation  in  liquid  medium,  presorption  of 
CL-20  on  soil  retarded  the  beginning  of  degradation  and  decreased  the  degradation  rate  by  a 
factor  of  6.4.  However,  sorption  of  CL-20  on  soil  was  reversible  and  did  not  prevent 
biotransformation  by  P  chrysosporium. 
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Figure  29  Degradation  of  CL-20  pre-sorbed  on  VT  soil  (1.33  g)  by  P.  chrysosporium  in  N-limited 
medium  (10  mL).  Glucose  was  supplemented  on  day  21  (A) .  Bars  indicate  standard  deviation  (n  =  3) 


Conclusion 

Both  ligninolytic  and  non-ligninolytic  P.  chrysosporium  can  transform  CL-20.  The 
enzymatic  mechanism  involved  in  the  first  attack  of  the  molecule  was  not  yet  identified. 
However  because  no  nitroso-CL-20  was  observed,  the  mechanism  seems  to  differ  from  the  one 
involved  in  the  fungal  degradation  of  RDX,  HMX  or  TNT.  CL-20  degraded  more  rapidly  when 
ligninolytic  culture  conditions  (known  to  favor  the  production  of  MnP  and  LiP)  were  applied. 
The  use  of  commercial  MnP  allowed  us  to  determine  that  CL-20  was  transformed  via  initial 
denitration  followed  by  ring  cleavage,  producing  nitrite  ion,  nitrous  oxide,  glyoxal,  and  formate. 
The  latter  products  were  also  observed  during  photolysis  and  iron  reduction  of  CL-20. 

In  addition,  P.  chrysosporium  was  found  to  extensively  mineralize  radio  labeled  CL-20 
and  glyoxal  indicating  that  the  compounds  are  not  recalcitrant  toward  the  fungus.  C  and  N  mass 
balances  will  be  completed  in  the  near  future. 

P.  chrysosporium  was  also  able  to  degrade  CL-20  in  soil,  but  at  a  slower  rate.  Our 
previous  studies  have  indicated  that  sorption  of  CL-20  was  reversible  (Balakrishnan  el  ah, 
2004b)  and  the  bio-degradation  kinetics  observed  here  was  likely  controlled  by  the  desorption 
rate. 

In  addition  to  the  present  soil  experiment,  where  an  exogenous  microorganism  was  added 
to  the  microcosms,  other  experiments  will  be  carried  out  to  determine  the  potential  of  indigenous 
microorganisms  in  soil  to  degrade  CL-20. 
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XII.2  Biotransformation  of  CL-20  with  the  soil  isolate  Pseudomonas  sp  FA1 
Material  and  Methods 

Chemicals.  NADH,  NADPH,  diphenyliodonium  chloride  (DPI),  FMN,  FAD,  NaNCL, 
dicumarol,  2,2-dipyridyl,  2-methyl-l,2-di-3-pyridyl-l-propanone  (metyrapone)  and 
phenylmethanesulfonyl  fluoride  (PMSF)  were  purchased  from  Sigma  chemicals,  Canada.  Nitrous 
oxide  (N2O)  was  purchased  from  Scott  specialty  gases,  Sarnia,  ON,  Canada.  Carbon  monoxide 
(CO)  was  purchased  from  Aldrich  chemical  company,  Milwaukee,  WI,  USA.  All  other  chemicals 
were  of  the  highest  purity  available. 

Isolation  and  identification  of  CL-20  degrading  strains.  One  gram  of  garden  soil  was 
suspended  in  20  mL  of  minimal  medium  (ingredients  per  liter  of  deionized  water:  K2HPO4,  1 .22 
g;  KH2PO4,  0.61  g;  NaCl,  0.20  g;  MgS04,  0.20  g;  succinate,  8.00  g;  pH  7.0)  supplemented  with 
CL-20  at  a  final  concentration  of  4.38  mg  L  1  added  from  a  10,000  mg  L'1  stock  solution  made  in 
acetone.  The  inoculated  medium  was  incubated  under  aerobic  conditions  at  30°C  on  an  orbital 
shaker  (150  rpm)  in  the  dark.  The  disappearance  of  CL-20  was  monitored  over  several  days.  The 
enriched  culture  was  plated  periodically  onto  the  same  medium  with  1.8  %  agar  (Difco,  Becton 
Dickinson  and  Co.,  Sparks,  MD,  USA)  and  surface  of  solidified  agar  plates  were  layered  with  10 
pM  CL-20.  The  isolated  colonies  were  sub-cultured  three  times  using  the  same  agar  plates  and 
were  tested  for  their  ability  to  biotransform  CL-20  in  liquid  medium.  Of  the  few  isolated 
bacterial  strains,  a  denitrifying  strain  FA1  capable  of  utilizing  CL-20  as  a  sole  nitrogen  source 
was  selected  for  further  study. 

For  identification  and  characterization  of  strain  FA1,  standard  biochemical  techniques 
were  used  according  to  Bergey’s  manual  of  systematic  bacteriology  (Palleroni,  1984).  Total 
cellular  fatty  acids  (fatty  acid  methyl  esters,  FAME)  analysis  and  16S  ribosomal  RNA  gene 
analysis  were  performed  and  analyzed  by  MIDI  labs,  DL,  USA. 

CL-20  was  added  to  the  medium  in  concentrations  above  saturation  levels  (i.e.  >10  pM 
or  4.38  mg  L'1)  from  a  10,000  mg  L'1  stock  solution  made  in  acetone.  Saturated  solutions  were 
used  in  order  to  detect  and  quantify  the  metabolites,  which  are  otherwise  produced  in  trace 
amounts  during  biotransformation.  To  determine  the  residual  CL-20  during  biotransformation 
studies,  the  total  CL-20  content  in  one  serum  bottle  was  solubilized  in  50  %  aqueous  acetonitrile 
and  analyzed  by  HPLC. 

The  following  minimal  medium  (MM)  was  used  for  the  CL-20  biotransformation  studies 
and  was  composed  of  (ingredients  per  liter  deionized  water):  K2HPO4,  1.22  g;  KH2PO4,  0.61  g; 
NaCl,  0.20  g;  MgSCL,  0.20  g;  succinate,  8.00  g;  trace  elements,  10  mL;  pH  7.0.  Modified 
Wolfe’s  mineral  solution  was  used  as  trace  elements  solution  and  was  composed  of  (ingredients 
per  liter  deionized  water):  MnSCL.  H2O,  0.20  g;  CaCU.  2  H2O,  0.10  g;  C0CI2.  6  H2O,  0.10  g; 
ZnCl2,  0.15  g;  CuS04.  5  H20,  0.01  g;  FeS04.  7  H20,  0.10  g;  Na2Mo04,  0.05  g;  NiCl2.  6  H20, 
0.05  g;  Na2W04.  2  H20,  0.05  g. 

A  comparative  growth  experiment  was  performed  between  (NH^SCL  and  CL-20  as  sole 
nitrogen  sources  to  determine  the  number  of  nitrogen  atoms  from  CL-20  that  were  incorporated 
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into  biomass.  Cells  were  grown  in  MM  containing  increasing  concentrations  of  either  (NH^SCL 
or  CL-20  as  a  sole  nitrogen  source,  at  30°C  under  aerobic  conditions  on  an  orbital  shaker  (150 
rpm)  in  the  dark  for  16  h.  After  incubation  period  the  microbial  growth  yield  in  the  form  of  total 
viable  cell  counts  were  determined  by  standard  plate  count  method.  In  this  method,  the  cultures 
were  serially  diluted  in  sterile  phosphate  buffer  saline  (PBS)  and  spread  plated  onto  LB  agar 
plates  (per  liter  of  deionized  water  composed  of  tryptone  10  g,  yeast  extract  5  g,  NaCl  10  g,  Agar 
15  g).  All  ingredients,  except  NaCl,  were  purchased  from  Becton  Dickinson  and  company, 
Sparks,  MD,  USA.  The  plates  were  incubated  at  30°C  overnight.  After  incubation,  the  numbers 
of  bacterial  colonies  grown  in  the  plates  were  considered  to  determine  the  total  viable  cell  count 
per  mL  of  culture. 

In  order  to  determine  the  effect  of  alternate  cycles  of  aerobic  and  anaerobic  growth 
conditions  on  CL-20  biotransformation  by  the  isolate  FA1,  cells  were  grown  in  MM  containing 
10  mM  of  (NPL^SCL  and  25  pM  of  CL-20  in  two  serum  bottles  under  aerobic  conditions  up  to  a 
late-log  phase  (OD600  nm  ~  0.60)  and  then  anaerobic  conditions  were  created  in  one  of  the  two 
growing  cultures  by  flushing  the  headspace  with  argon  for  30  min.  The  cultures  were  further 
grown  till  stationary  phase.  Growth  and  CL-20  disappearance  were  monitored  in  both  serum 
bottles  over  the  course  of  experiment. 

To  determine  whether  the  enzyme  system  responsible  for  CL-20  biotransformation  was 
induced  or  constitutive,  two  batches  of  cells  were  grown  in  MM  containing  10  mM  of  (NH^SCL 
in  the  presence  and  absence  of  CL-20  (10  pM).  At  mid-log  phase,  the  cells  were  harvested  by 
centrifugation  at  4°C  and  washed  thrice  with  phosphate  buffer  saline  (PBS),  pH  7.0.  The  washed 
cells  (5  mg  wet  biomass/mL)  were  tested  for  their  ability  to  biotransform  CL-20  under  aerobic 
and  anaerobic  conditions. 

Preparation  of  cytosolic  and  membrane-associated  enzymes.  Bacterial  cells  were  cultured  in 
two  liters  of  MM  containing  10  mM  of  (NHpiSCL  up  to  a  mid-log  phase  (8-9  h,  ODeoo  nm  of 
0.45)  at  30°C  and  then  induced  with  10  pM  CL-20.  After  induction,  the  cells  were  further 
incubated  up  to  12-16  h  (OD6oonm  of  0.95).  Cells  were  harvested  by  centrifugation,  washed  thrice 
with  phosphate  buffer  saline  (PBS),  pH  7.0  and  then  suspended  in  50  mM  potassium  phosphate 
buffer  (pH  7.0)  containing  1  mM  PMSF  and  100  mM  NaCl.  The  washed  cell  biomass  (0.2  g/mL) 
was  subjected  to  disruption  with  French  press  at  20,000  p.s.i.  The  disrupted  cell  suspension  was 
centrifuged  at  9000  x  g  for  30  min  at  4°C  to  remove  cell  debris  and  undisrupted  cells.  The 
supernatant  was  centrifuged  at  165,000  x  g  for  1  h  at  4°C.  The  pellet  (membrane  protein  fraction) 
and  supernatant  (soluble  protein  fraction)  thus  obtained  were  separated,  mixed  with  10  % 
glycerol,  aliquots  were  prepared  and  stored  at  -20°C  till  further  use.  The  protein  content  was 
determined  with  a  bicinchoninic  acid  protein  assay  kit  from  Pierce  Chemicals  Company, 
Rockford,  Ill. 

Total  flavin  (FMN  and  FAD)  contents  in  the  crude  extract,  the  membrane  fraction  and  the 
soluble -protein  fractions  were  determined  by  a  spectrophotometric  method  described  by  Aliverti 
et  al.  (1999).  Deflavo-enzyme(s)  and  reconstitution  of  deflavo-enzyme(s)  were  prepared  as 
described  before  (Bhushan  et  al .,  2002). 

Biotransformation  assays.  Enzyme  catalyzed  biotransformation  assays  were  performed  under 
aerobic  as  well  as  anaerobic  conditions  in  6-mL  glass  vials.  Anaerobic  conditions  were  created 
by  purging  all  the  solutions  with  argon  gas  three  times  (10  min  each  time  at  10  min  intervals)  and 
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replacing  the  headspace  air  with  argon  in  sealed  vials.  Each  assay  vial  contained,  in  1  mL  of 
assay  mixture,  CL-20  (25  pM),  NADH  or  NADPH  (150  pM),  soluble  or  membrane-enzyme 
preparation  (1.0  mg)  and  potassium  phosphate  buffer  (50  mM,  pH  7.0).  Reactions  were 
performed  at  30°C.  Different  controls  were  prepared  by  omitting  enzyme,  CL-20  or  NADH  from 
the  assay  mixture.  Boiled  enzyme  was  also  used  as  a  negative  control.  Residual  NADH  or 
NADPH  was  measured  as  described  before  (Bhushan  el  al.,  2002).  Samples  from  liquid  and  gas 
phase  in  the  vials  were  analyzed  for  residual  CL-20  and  biotransformed  products.  CL-20 
biotransformation  activity  of  enzyme(s)  was  expressed  as  nmol  h  1  mg  protein"1  unless  otherwise 
stated. 

Bioconversion  of  nitrite  to  nitrous  oxide  was  determined  by  incubating  20  pM  NaNCL 
with  a  membrane-enzyme(s)  preparation  using  NADH  as  electron  donor.  Disappearance  of  nitrite 
and  formation  of  nitrous  oxide  were  measured  periodically.  Results  were  compared  with  a 
control  without  NaNCL. 

Enzyme  inhibition  studies.  Inhibition  with  diphenyliodonium  chloride  (DPI),  an  inhibitor  of 
flavoenzymes  that  act  by  forming  flavin-phenyl  adduct  (Chakraborty  and  Massey,  2002),  was 
assessed  by  incubating  the  enzyme  preparation  with  DPI  at  different  concentrations  (0  -  2.0  mM) 
at  room  temperature  for  30  min  before  CL-20  biotransformation  activities  were  determined. 
Other  enzyme  inhibitors  such  as  dicumarol,  carbon  monoxide  (60  s  bubbling  through  the  enzyme 
solution),  metyrapone  and  2,2-dipyridyl  were  incubated  with  enzyme  preparation  at  different 
concentrations  for  30  minutes  at  room  temperature.  Thereafter,  CL-20  biotransformation  activity 
of  the  treated  enzyme  was  determined. 

Analytical  procedures.  CL-20,  nitrite  (NO2  ),  nitrous  oxide  (N2O),  formaldehyde  (HCHO)  and 
formic  acid  (HCOOH)  were  analyzed  as  described  in  the  previous  sections. 


Accomplishments 

Isolation  and  identification  of  CL-20  degrading  strain  FA1.  The  standard  enrichment 
techniques  were  used  to  isolate  CL-20  degrading  strains  from  garden  soil  samples.  The 
enrichment  experiments  were  carried  out  over  a  period  of  three  weeks  and  four  CL-20  degrading 
strains  designated  as  LAI  to  LA4  were  isolated.  Strain  LAI  biotransformed  CL-20  at  a  higher 
rate  compared  to  the  other  isolates  (data  not  shown)  and  was  capable  of  utilizing  CL-20  as  a  sole 
nitrogen  source  and  therefore  it  was  selected  for  further  study. 

Strain  LA2  was  identified  as  a  Bacillus  sp.  by  16S  ribosomal  RNA  gene  analysis  while 
strains  LA3  and  LA4  remained  unidentified.  LAI  was  characterized  by  standard  biochemical 
tests  mentioned  in  the  Bergey’s  manual  of  systematic  bacteriology  (Palleroni,  1984).  Strain  LAI 
was  a  non-spore  forming,  gram-negative,  motile  bacterium  with  small  rod  structure  (approx.  1 .5 
-  2.0  pm).  Biochemically,  it  showed  positive  results  for  oxidase,  catalase  and  nitrite  reductase 
and  utilized  succinate,  fumarate,  acetate,  glycerol  and  ethanol  as  sole  carbon  sources.  It  utilized 
CL-20,  ammonium  sulfate,  ammonium  chloride  and  sodium  nitrite  as  sole  nitrogen  sources. 
Total  cellular  fatty  acids  methyl  esters  analysis  (LAME)  of  strain  LAI  showed  a  similarity  index 
of  0.748  with  Pseudomonas  putida  biotype  A.  On  the  other  hand,  16S  ribosomal  RNA  gene 
analysis  showed  a  99  %  similarity  of  strain  LAI  with  a  Pseudomonas  sp.  C22B  (GenBank 
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accession  number  AF408939)  isolated  from  a  soil  sample  in  a  shipping  container.  No  published 
data  is  available  in  regard  to  strain  C22B.  On  the  basis  of  above  data  we  identified  and  named  the 
strain  FA1  as  Pseudomonas  sp.  FA1. 

Nucleotide  sequence  accession  number.  The  16S  rRNA  gene  sequence  of  Pseudomonas  sp.  FA1 
was  deposited  in  GenBank  under  an  accession  number  AY3 12988. 

Growth  of  strain  FA1  on  CL-20  as  a  nitrogen  source.  As  mentioned  above  strain  FA1  was 
capable  of  utilizing  CL-20,  ammonium  sulfate,  ammonium  chloride  and  sodium  nitrite  as  sole 
nitrogen  sources.  In  order  to  determine  the  number  of  nitrogen  atoms  from  CL-20  that  were 
incorporated  into  biomass,  cells  were  grown  in  MM  containing  different  concentrations  of  either 
(NFLO2SO4  or  CL-20.  After  incubation,  the  growth  yield  in  form  of  total  viable  cell  counts  was 
determined.  The  growth  yield  using  CL-20  as  nitrogen  source  was  about  1. 83-fold  higher 
compared  to  that  observed  with  (NFLO2SO4  (Figure  30).  No  growth  was  observed  in  the  control 
experiment  without  any  nitrogen  source.  The  ratio  of  growth  yields  in  (NFD2SO4  versus  CL-20 
(Figure  30)  indicated  that  of  the  12  nitrogen  atoms  per  CL-20  molecule,  approx.  4  nitrogen  atoms 
were  assimilated  into  the  biomass.  The  soil  isolate  Agrobacterium  sp.  JS71  utilized  CL-20  as  a 
sole  nitrogen  source  and  assimilated  3  moles  of  nitrogen  per  mole  of  CL-20. 


Nitrogen  source  (ftM) 


Figure  30  Growth  of  Pseudomonas  sp.  FA1  at  various  concentrations  of  CL-20  (o)  and  (NH4)2S04  (•). 
The  viable -cell  count  in  early-stationary-phase-culture  (16  h)  was  determined  for  each  nitrogen 
concentration.  Linear  regression  curve  for  (NH4)2S04has  a  gradient  of  0.122  and  an  r2of  0.990.  Linear 
regression  curve  for  CL-20  has  a  gradient  of  0.224  and  an  r  of  0.992.  Data  are  means  of  results  from 
duplicate  experiments,  and  error  bars  indicate  standard  error.  Some  error  bars  are  not  visible  due  to  their 
small  size. 
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Biotransformation  of  CL-20  by  intact  cells.  In  a  study  of  the  effect  of  alternate  cycle  of  aerobic 
and  anaerobic  growth  conditions  on  CL-20  biotransformation,  we  observed  that  after  creating 
anaerobic  conditions  in  one  of  the  two  growing  cultures  at  9  h  of  growth,  most  of  the  CL-20  was 
biotransformed  in  the  subsequent  2  h  of  incubation  but  that  under  aerobic  conditions  it  took  more 
than  20  h  to  biotransform  the  same  amount  of  CL-20  (Figure  31).  This  experimental  finding 
indicated  that  the  growth  of  Pseudomonas  sp.  FA1  was  faster  under  aerobic  conditions  while  CL- 
20  biotransformation  by  the  mid-log  phase  culture  (8-9  h)  was  more  rapid  under  anaerobic 
conditions. 

An  experiment  with  uninduced  and  CL-20  (10  |aM)-induced  cells  showed  CL-20 
biotransformation  activities  of  1.4  ±  0.05  and  3.2  ±0.1  nmol  h  1  mg  of  protein'1,  respectively, 
indicating  that  CL-20  was  biotransformed  at  a  2.2-fold  faster  rate  by  the  induced  cells  than  by  the 
uninduced  cells.  This  experimental  finding  indicated  that  there  could  be  an  up-regulation  of  an 
enzyme  in  the  induced  cells  that  might  be  responsible  for  CL-20  biotransformation.  In  addition, 
the  increase  in  activity  could  be  due  to  an  improved  uptake  of  CL-20  following  induction  of  the 
cells  with  CL-20 


0  5  10  15  20  25  30 

Time  (h) 


Figure  31  Effect  of  alternate  cycle  of  aerobic  and  anaerobic  growth  conditions  on  biotransformation  of 
CL-20  by  Pseudomonas  sp.  FA1.  Symbols:  growth  (A)  and  CL-20  degradation  (•)  under  aerobic 
conditions.  Open  triangles  and  circles  show  the  levels  of  growth  and  CL-20  biotransformation, 
respectively,  under  aerobic  conditions  (for  the  first  9  h)  and  then  under  anaerobic  conditions.  Data  are 
mean  of  results  from  triplicate  experiments,  and  error  bars  indicate  standard  error.  Some  error  bars  are 
not  visible  due  to  their  small  size. 


Localization  of  enzynie(s)  responsible  for  CL-20  biotransformation.  The  CL-20 
biotransformation  activities  of  cell-free  crude  extract,  cytosolic  soluble  enzyme(s)  and 
membrane-enzyme(s)  were  determined  under  aerobic  as  well  as  anaerobic  conditions.  We  found 
that  all  the  three  enzyme(s)  fractions  exhibited  higher  activities  under  anaerobic  conditions 
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(Table  10)  than  those  observed  under  aerobic  conditions  (data  not  shown).  In  case  of  membrane- 
enzyme^),  CL-20  biotransformation  was  about  5-fold  higher  under  anaerobic  conditions  (11.5  ± 
0.4  nmol  h  1  mg  of  protein  ’)  than  under  aerobic  conditions  (2.5  ±  0.1  nmol  h  1  mg  of  protein'1), 
indicating  the  involvement  of  an  initial  oxygen  sensitive  step  during  biotransformation  of  CL-20. 
As  a  result,  the  subsequent  study  was  carried  out  under  anaerobic  conditions. 

CL-20  biotransformation  activities  of  membrane-enzyme(s)  using  NADH  or  NADPH  as 
an  electron-donor  were  11.5  ±  0.4  or  2.1  ±  0.1  nmol  h  1  mg  of  protein'1,  respectively,  indicating 
that  the  responsible  enzyme  was  mainly  NADH-dependent. 

The  CL-20  biotransformation  activities  of  membrane  and  soluble  enzyme(s)  fractions 
were  11.5  ±  0.4  and  2.3  ±  0.05  nmol  h  1  mg  of  protein respectively  (Table  10),  which  clearly 
indicated  that  the  enzyme(s)  responsible  for  CL-20  biotransformation  was  membrane-associated. 
The  CL-20  biotransformation  activities  observed  in  the  soluble  enzyme(s)  fraction  presumably 
leached  out  from  the  membrane-enzyme(s)  fraction  during  cell-disruption  process. 

Enzymatic  biotransformation  of  CL-20  and  product  stoichiometry.  The  membrane-enzyme(s) 
catalyzed  the  biotransformation  of  CL-20  optimally  at  pH  7.0.  Activity  remained  unchanged 
between  pH  6.0  and  7.5  but  higher  or  lower  pHs  caused  reduction  in  activity  (data  not  shown).  A 
time  course  study  carried  out  with  membrane-enzyme(s)  showed  that  CL-20  disappearance  was 
accompanied  by  the  formation  of  nitrite  and  nitrous  oxide  at  the  expense  of  the  electron-donor 
NADH  (Figure  32).  After  2.5  h  of  reaction,  each  reacted  CL-20  molecule  produced  about  2.3 
nitrite  ions,  1.5  molecules  of  nitrous  oxide  and  1.7  molecules  of  formic  acid  (Table  11).  Of  the 
total  12  nitrogen  atoms  (N)  and  6  carbons  (C)  per  reacted  CL-20  molecule,  we  recovered 
approximately  5  N  (as  NOo"  and  N2O)  and  2  C  (as  HCOOH),  respectively.  The  remaining  7  N 
and  4  C  may  be  present  in  unidentified  intermediate(s). 

Pseudomonas  sp.  FA1  was  a  denitrifying  bacterium;  hence,  nitrite  was  observed  as  a 
transient  intermediate  during  CL-20  biotransformation  and  was  partially  converted  to  nitrous 
oxide.  This  observation  was  proved  by  incubating  membrane-enzyme(s)  with  inorganic  NaN02 
under  the  same  reaction  conditions  as  those  used  for  CL-20.  The  results  showed  an  NADH- 
dependent  reduction  of  nitrite  (used  as  NaNCL)  to  nitrous  oxide  (Figure  33). 

In  biological  systems,  the  enzymatic  conversion  of  nitrite  to  nitrous  oxide  occurs  via  a 
transient  formation  of  nitric  oxide  (NO)  and  this  process  involves  two  enzymes  i.e.  nitrite 
reductase  (converts  nitrite  to  nitric  oxide)  and  nitric  oxide  reductase  (converts  nitric  oxide  to 
nitrous  oxide).  Since  Pseudomonas  species  are  known  to  produce  these  two  reductase  enzymes 
(Forte  et  al.,  2001;  Arese  el  al.,  2003),  we  assume  that  the  membrane  preparation  from  strain 
FA1  may  contain  these  two  enzymes. 


70 


Table  10  Effect  of  flavin  contents  in  native-  and  deflavo-enzyme  preparations  on  the  CL-20  biotransformation  activities  of  various  enzyme 
fractions  from  Pseudomonas  sp.  FA1  under  anaerobic  condi tionsa. 


Localization  of 
enzyme(s) 

Total  Flavin  content  in 
native-enzyme(s) 

(nmol/mg  of  protein) 

CL-20  biotransformation 
activity  of  native-enzyme(s) 

(nmol  h'1  mg  of  protein'1) 

Total  Flavin  content  in 
deflavo-enzyme(s) 

(nmol/mg  of  protein) 

CL-20  biotransformation 
activity  of  deflavo-enzyme(s) 
(nmol  h  1  mg  of  protein'1) 

1.  Cell-free  crude 

extract 

22.6  ±  1.3 

15.6  ±0.7 

N.D. 

N.D. 

2.  Cytosolic  soluble 
enzyme(s) 

5.5  ±0.2 

2.3  ±  0.05 

1.2  ±0.2 

0.5  ±0.05 

3.  Membrane- 
associated  enzyme(s) 

12.6  ±0.6 

11.5  ±0.4 

3.8  ±0.3 

2.7  ±0.1 

a  Data  are  means  ±  standard  errors  from  triplicate  experiments.  N.D.,  not  determined 
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Figure  32  Time -course  study  of  NADH-dependent  biotransformation  of  CL-20  by  a  membrane- 
associated  enzyme(s)  from  Pseudomonas  sp.  FA1  under  anaerobic  conditions.  Symbols  indicate  the 
levels  of  CL-20  (•),  NADH  (■),  nitrite  (o),  nitrous  oxide  (▼).  Data  are  means  of  results  from  triplicate 
experiments,  and  error  bars  indicate  standard  errors.  Some  error  bars  are  not  visible  due  to  their  small 
size. 


Time  (h) 


Figure  33  Time -course  study  of  NADH-dependent  reduction  of  nitrite  to  nitrous  oxide  by  a  membrane- 
associated  enzyme(s)  from  Pseudomonas  sp.  FA1  under  anaerobic  conditions.  Symbols  indicate  the 
levels  of  nitrite  (•),  nitrous  oxide  (o),  NADH  (A).  Data  are  means  of  results  from  triplicate  experiments, 
and  error  bars  indicate  standard  errors.  Some  error  bars  are  not  visible  due  to  their  small  size. 


72 


Table  11  Stoichiometry  of  reactants  and  products  during  biotransformation  of  CL-20a. 


Reactants  or  Products 

Amount  (nmol) 

Molar  ratio  of  reactants  to  products 
per  reacted  CL-20  molecule 

Reactants 

1.  CL-20 

20 

1.0 

2.  NADH 

90 

4.5 

Products 

1.  Nitrite  (N02‘) 

46 

2.3 

2.  Formate  (HCOOH) 

34 

1.7 

3.  Nitrous  oxide  (NiO) 

29 

1.5 

aCL-20  was  biotransformed  by  a  membrane-associated  enzyme(s)  (1  mg/mL)  from  Pseudomonas  sp.  FA1  at  pH  7.0, 
30  °C  for  2.5  h  under  anaerobic  conditions.  The  data  are  means  of  results  of  triplicate  experiments. 


Involvement  of  flavoenzyme(s)  in  the  biotransformation  of  CL-20.  The  total  flavin  contents 
were  measured  in  crude  extract,  cytosolic  soluble  enzymes  and  membrane-  enzymes.  The 
membrane-enzyme(s)  contained  about  56  %  of  the  total  flavin  content  and  retained  about  74  %  of 
the  total  CL-20  biotransformation  activity  present  in  the  crude  extract  (Table  10).  In  the 
deflavoenzyme(s)  preparation  there  was  a  corresponding  decrease  in  flavin  content  as  well  as 
CL-20  biotransformation  activity  (Table  10),  which  indicated  the  involvement  of  a  flavin  moiety 
in  CL-20  biotransformation.  Furthermore,  the  CL-20  biotransformation  activity  of 
deflavoenzyme  was  restored  up  to  75  %  after  reconstitution  with  equimolar  concentrations  of 
FAD  and  FMN  (100  pM  each).  The  comparison  of  CL-20  biotransformation  activities  of  the 
native  enzyme  (11.5  ±  0.4  nmol  h  1  mg  of  protein'1),  deflavoenzyme  (2.7  ±  0.1  nmol  h  1  mg  of 
protein"1)  and  reconstituted-enzyme(s)  (8.90  ±  0.5  nmol  h  1  mg  of  protein  !)  clearly  showed  the 
involvement  of  a  flavoenzyme(s)  in  biotransformation  of  CL-20  by  Pseudomonas  sp.  FA1.  The 
free  FAD  and  FMN  also  biotransformed  CL-20  in  the  presence  of  NADH,  however,  the 
biotransformation  rate  was  about  5-fold  lower  than  that  of  the  native  membrane-enzyme(s).  This 
finding  additionally  supported  the  involvement  of  a  flavin-containing  enzyme  in  CL-20 
biotransformation  and  also  indicated  that  the  flavin-moieties  have  to  be  in  an  enzyme-bound 
form  in  order  to  function  efficiently. 

Study  with  diphenyliodonium  chloride  (DPI)  showed  a  62  %  inhibition  of  CL-20 
biotransformation  (Table  12).  Analogously  with  previous  reports,  which  proved  that  DPI  targets 
flavin-containing  enzymes  that  catalyze  one-electron  transfer  reactions  (Chakraborty  and  Massey, 
2002;  O’Donnell  et  al.,  1994),  the  present  study  suggested  the  involvement  of  such  an  enzyme 
during  biotransformation  of  CL-20  by  strain  FA1.  The  involvement  of  a  flavoenzyme  in 
biotransformation  of  RDX  (Bhushan  et  al.,  2002)  and  HMX  (Bhushan  et  al.,  2003b)  via  one- 
electron  transfer  has  already  been  established.  In  our  previous  study  with  diaphorase  (a  FMN 
containing  flavoenzyme  from  Clostridium  kluyveri),  we  reported  an  oxygen-sensitive  one- 
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electron  transfer  reaction  that  caused  N-denitration  of  RDX  leading  to  its  decomposition 
(Bhushan  et  al.,  2002).  Moreover,  a  xanthine  oxidase  catalyzed  an  oxygen- sensitive,  initial  single 
N-denitration  of  HMX  at  the  FAD  site,  leading  to  the  spontaneous  decomposition  of  the 
molecule  (Bhushan  et  al.,  2003b). 


Table  12  Effects  of  enzyme  inhibitors  on  the  CL-20  biotransformation  activity  of  membrane-associated 
enzyme(s)a 


Inhibitor  (2  mM) 

%  CL-20  biotransformation  activity13 

1.  Without  inhibitor  (control) 

100  ±  1.7 

2.  Diphenyliodonium 

38  ±2.3 

3.  Dicumarol 

86  ±3.5 

4.  Metyrapone 

91  ±2.8 

5.  Carbon  monoxidec 

87  ±2.2 

6.  2,2-dipyridyl 

92  ±3.4 

“the  CL-20  biotransformation  activity  of  the  membrane-associated  enzymes  (1  mg/mL)  was  determined  at  pH  7.0 
and  30°C  after  1  h  under  anaerobic  conditions.  b  100  %  CL-20  biotransformation  activity  was  equivalent  to  11.5 
nmol  h'1  mg  of  protein1.  Data  are  mean  percentages  of  CL-20  biotransformation  activity  ±  standard  errors  (n  =  3). c 
Carbon  monoxide  was  bubbled  through  the  aqueous  phase  and  headspace  for  60  s  in  sealed  vials. 


On  the  other  hand,  enzyme  inhibitors  such  as  dicumarol  (a  DT-diaphorase  inhibitor) 
(Tedeshi  et  al.,  1995),  metyrapone  and  CO  (cytochrome  P450  inhibitors)  (Bhushan  et  al.,  2003c), 
and  2,2-dipyridyl  (metal  chelator)  did  not  show  effective  inhibition  of  CL-20  biotransformation 
activity  of  membrane-enzyme(s)  from  strain  FA1  (Table  10).  The  inhibition  study  ruled  out  the 
possibility  of  involvement  of  above  mentioned  or  similar  type  of  enzymes  during 
biotransformation  of  CL-20  by  Pseudomonas  sp.  FA1. 

Proposed  initial  reaction  of  CL-20  biotransformation.  According  to  the  time-course  study 
described  above,  the  disappearance  of  CL-20  was  accompanied  by  the  formation  of  nitrite 
(Figure  32)  and  this  reaction  was  oxygen-sensitive.  Additionally,  the  DPI-mediated  inhibition  of 
CL-20  degradation  activity  (Table  12)  showed  the  involvement  of  a  flavoenzyme  catalyzing  one- 
electron  transfer.  The  evidence  suggests  that  CL-20  molecule  undergoes  enzyme  catalyzed  one- 
electron  reduction  to  form  an  anion  radical  of  CL-20.  This  anion  radical  undergoes  denitration  to 
form  a  free-radical,  which  eventually  undergoes  spontaneous  ring-cleavage  and  decomposition  to 
produce  nitrous  oxide,  nitrite  and  formic  acid.  Previously,  we  reported  a  one-electron  transfer 
reaction  catalyzed  by  a  diaphorase,  a  flavoenzyme  from  Clostridium  kluyveri,  which  caused  N- 
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denitration  of  RDX  leading  to  its  decomposition  (Bhushan  et  al.,  2002).  The  present  study 
analogously  with  the  initial  biotransformations  of  other  cyclic  nitramine  compounds,  such  as 
RDX  (Bhushan  et  al.,  2002)  and  HMX  (Bhushan  et  al.,  2003b)  supports  an  initial  enzymatic  N- 
denitration  of  CL-20  prior  to  ring-cleavage. 

Nitrite  ions  probably  come  from  the  four  nitro-groups  bonded  to  the  two  five-member 
rings  in  the  CL-20  structure.  Nitrous  oxide  can  be  produced  in  two  different  ways:  first,  by 
enzymatic  reduction  of  nitrite  and  second,  during  secondary  decomposition  of  the  CL-20  free- 
radical  as  it  was  previously  suggested  by  Patil  and  Brill  (1991).  Nitrous  oxide  was  also  produced 
during  secondary  decomposition  of  RDX  (Bhushan  et  al.,  2002)  and  HMX  (Bhushan  et  al., 
2003b,  Hawari  et  al.,  2001).  Formic  acid  was  presumably  formed  following  denitration  and  the 
cleavage  of  the  C-C  bond  bridging  the  two  five-member  rings  in  CL-20  structure.  Indeed,  this 
bond  is  relatively  longer  (Xinqi  and  Nicheng,  1996)  and  thus  weaker  than  the  other  C-C  bonds. 
Formaldehyde  (HCHO),  a  major  carbon  compound  produced  during  biotransformation  of  RDX 
and  HMX  (Bhushan  et  al.,  2002,  2003a, c;  Halasz  et  al.,  2002;  Hawari,  2000;  Hawari  et  al., 
2000b,  2001),  was  not  observed  in  the  present  study. 

Conclusion 

A  Pseudomonas  sp.  FA1,  capable  of  utilizing  CL-20  as  sole  nitrogen  source,  was  isolated 
and  identified  from  a  soil  sample.  Strain  FA1  grew  well  under  aerobic  conditions  but 
biotransformed  CL-20  under  anaerobic  conditions  to  produce  nitrite,  nitrous  oxide  and  formic 
acid.  Studies  with  deflavo-form  of  enzyme  and  its  subsequent  reconstitution,  and  the  inhibition 
of  holoenzyme  by  DPI  evidently  support  the  involvement  of  a  flavoenzyme  in  CL-20 
biotransformation.  The  enzyme  responsible  for  biotransformation  of  CL-20  by  strain  FA1  is  a 
NADH-dependent,  membrane-associated  flavoenzyme. 

The  present  study  has  provided  the  insights  into  the  initial  microbial  and  enzymatic 
biotransformation  of  CL-20  and  some  of  its  products  that  were  not  known  before.  Further  work  is 
now  necessary  to  identify  the  intermediates  and  end-products  from  CL-20  to  supplement  the 
mass  balance  study,  which  would  help  in  determining  the  complete  biodegradation  pathway  of 
CL-20.  The  continuation  of  the  work  will  thus  involve  the  use  of  14C  and  15N  labeled  CL-20. 

A  vast  literature  available  online  (http://www.ncbi.nlm.nih.gov)  revealed  that 
Pseudomonas  and  the  bacteria  belonging  to  family  Pseudomonadaceae  are  prevalent  in  almost  all 
types  of  environments  e.g.  soils,  marine  and  fresh  water  sediments.  The  present  study  would 
therefore  help  in  understanding  the  environmental  fate  (biotransformation,  biodegradation  and/or 
natural  attenuation)  of  cyclic  nitramine  explosive  compounds  such  as  CL-20. 
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XIII  Anaerobic  degradation  of  CL-20 


Results  obtained  from  this  task  was  published  in: 

1.  Bhushan  B,  Paquet  L,  Spain  JC,  Hawari  J.  (2003)  Biotransformation  of  2,4,6,8,10,12-hexcmitro- 
2,4,6,8,10,12-hexaazaisowurtzitane  (CL-20)  by  denitrifying  Pseudomonas  sp.  Strain  FA1.  Appl.  Environ. 
Microbiol.  69:5216-5221 

2.  Bhushan  B.  Halasz  A,  Thiboutot  S,  Ampleman  G,  Hawari  J.  (2004)  Chemotaxis-mediated 
biodegradation  of  cyclic  nitramine  explosives  RDX,  HMX  and  CL-20  by  Clostridium  sp.  EDB2.  Biochem. 
Biophys.  Res.  Commun.  316:816-821 

3.  Bhushan,  B,  A.  Halasz  and  J.  Hawari.  (2006)  Effect  of  iron  (III),  humic  acid,  and  anthraquinmone-2, 
6-disulphonate  on  biodegradation  of  cyclic-nitramines  by  Clostridium  sp.  EBD2.  J.  Appl.  Microbiology 
100:  555-563. 


XIII.  1  Biotransformation  of  CL-20  with  Clostridium  sp.  strain  EDB2 


Introduction 

Cyclic  nitramines  such  as  RDX,  HMX  and  CL-20  lack  the  electronic  stability  of  aromatic 
compounds  like  TNT  so  that  an  initial  attack,  whether  biological  or  chemical,  can  lead  to 
decomposition  of  these  molecules  in  aqueous  media  (Hawari,  2000;  Hawari  et  al.,  2000a). 
However,  with  respective  water  solubilities  of  40.0,  6.6  and  3.6  mg/L  at  25  °C  (Monteil-Rivera  et 
al.,  2004),  RDX,  HMX  and  CL-20  may  be  preferentially  attached  to  solid  surfaces  and/or  trapped 
in  pores  when  present  in  marine  and  terrestrial  environments.  CL-20,  with  its  higher  ability  to 
adsorb  on  matrix  containing  organic  matter  (Balakrishnan  et  al.,  2004b)  may  be  even  more 
strongly  bound  to  the  sediment.  Rates  of  biodegradation  of  such  chemicals  are  limited  by  the 
rates  of  their  mass-transfer  from  non-aqueous  phase. 

In  order  to  degrade  the  explosive,  the  potential  microorganism(s)  must  come  in  contact 
with  the  molecule.  Bacterial  chemotaxis  is  one  such  process  that  brings  microbes  closer  to  the 
contaminated  sites  and  thus  enhance  the  rate  of  biodegradation  (Marx  and  Aitken,  2000;  Law  and 
Aitken,  2003).  Motile  and  chemotactic  microorganisms  have  advantage  over  non-motile  and  non- 
chemotactic  ones  by  having  the  ability  of  sensing  the  explosive  and  thus  move  to  form  high- 
population  densities  around  the  chemical  (Park  et  al.,  2003).  The  dense  microbial  population  can 
tolerate  higher  concentration  of  toxic  chemicals  (Greenberg,  2003)  and  reproduce  more  rapidly 
thus  stimulating  a  rapid  cleanup.  Bacterial  chemotaxis  to  a  variety  of  organic  pollutants  and  their 
subsequent  degradation  has  been  studied  extensively  (Marx  and  Aitken,  2000;  Samanta  et  al., 
2000;  Parales  et  al.,  2000;  Parales  and  Hardwood,  2002;  Pandey  and  Jain,  2002;  Law  and  Aitken, 
2003)  however  no  report  was  available  with  regard  to  cyclic  nitramine  explosives. 

In  the  present  study,  we  isolated  an  obligate  anaerobic  bacterium  Clostridium  sp.  strain 
EDB2  from  a  marine  sediment  collected  from  a  shipwreck  site  near  Halifax  Harbor  in  Canada. 
The  strain  demonstrated  chemotaxis  response  towards  the  three  cyclic  nitramine  explosives, 
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RDX,  HMX  and  CL-20,  and  successfully  degraded  them.  The  present  study  is  thus  a  model 
system  to  understand  the  environmental  significance  of  chemotactic  bacteria  in  accelerating  the 
biodegradation  of  cyclic  nitramine  explosives  under  in  situ  conditions. 

Materials  and  Methods 

Chemicals  and  sediment.  Commercial  grade  RDX,  HMX  (chemical  purity  >  99  %  for  both 
explosives),  [UL-14C]-RDX  (chemical  purity  >  98  %,  radiochemical  purity  97  %,  specific 
radioactivity  28.7  pCLmmoF1),  [UL-14C]HMX  (chemical  purity  >  94  %,  radiochemical  purity  91 
%,  specific  radioactivity  101.0  pCLmmoF1)  and  Hexahydro-l,3,5-trinitroso-l,3,5-triazine  (TNX) 
were  provided  by  Dr.  G.  Ampleman,  Defense  Research  and  Development  Canada  (DRDC- 
DND),  Valcartier,  QC,  Canada.  Hexahydro-l-nitroso-3,5-dinitro-l,3,5-triazine  (MNX)  and  4- 
nitro-2,4-diazabutanal  were  obtained  from  SRI  International  (Menlo  Park,  CA). 
Methylenedinitramine  (MDNA)  was  obtained  from  the  rare  chemical  department  of  Aldrich, 
Oakville,  ON,  Canada.  e-CL-20  (99.3  %  purity)  was  provided  by  ATK  Thiokol  Propulsion, 
Brigham  City,  UT,  USA.  Micro-capillaries  (1  and  5  (iL),  low-melting-point  agarose  and  NADH 
were  purchased  from  Sigma  chemicals,  Canada. 

Marine  sediment  samples  were  collected  from  a  shipwreck  site  (200  meters  deep  sea  bed) 
at  50  nautical  miles  east  of  the  Halifax  harbor,  Canada.  Chemical  analysis  showed  that  sediment 
was  composed  of  silt,  clay,  sand  and  total  organic  matter  at  a  concentration  of  90.45,  8.25,  1.30 
and  1.90  %,  w/w,  respectively.  Major  metals  were  Fe,  Ca,  Al,  and  Na  at  a  concentration  of  40, 
24,  15  and  10  g/kg,  respectively,  and  pH  of  sediment  was  7.7. 

Media  composition.  Medium  Ml  was  composed  of  (per  liter):  NaCl,  10.0  g;  NaHCOs,  2.5  g; 
NaHoPCU,  0.6  g;  KC1,  0.2  g;  NH4CI,  0.5  g;  and  Fe(III)-citrate,  12.25  g.  Ingredients  were  mixed  in 
hot  water.  pH  was  adjusted  to  7.0  with  10  N  NaOH.  One  liter  medium  was  bubbled  with  NoiCOo 
(80:20)  for  45  min.  After  autoclaving  at  121°C  for  20  min,  we  added  filter-sterilized  anaerobic 
solutions  of  lactate  and  glucose,  25  mM  each;  peptone,  1.0  g;  trace  elements,  10  mL;  and  vitamin 
mixture,  10  mL.  Trace  elements  and  vitamin  mixture  were  same  as  reported  (Lovley  el  al.,  1984). 
Medium  M2  was  composed  of  (per  liter):  Peptone  8  g;  yeast  extract  2  g;  NaCl,  10  g;  glucose  and 
lactate  25  mM  each.  For  making  solid  agar  slants  or  plates,  1.8  %  agar  powder  (Difco)  was  added 
to  the  medium. 

Isolation  of  chemotactic  bacteria.  Enrichments  were  carried  out  by  adding  RDX,  HMX  and  CL- 
20  together  (30  pM  each)  and  sediment  (1  %  w/v)  to  medium  Ml  followed  by  incubation  at  room 
temperature  for  about  2  weeks  under  strict  anaerobic  conditions  (N2:C02,  80:20).  The  enriched 
culture  (2.0  mL)  was  suspended  in  3.0  mL  of  phosphate  buffer  saline  (PBS)  (100  mM,  pH  7.0) 
supplemented  with  glucose  (5  mM)  as  carbon  and  energy  source.  The  cell-suspension  was  sealed 
in  10-mL  vials  under  strict  anaerobic  conditions.  Micro-capillaries,  sealed  at  one  end,  were  then 
charged  with  5  |aM  solution  of  either  RDX,  HMX  or  CL-20  and  inserted  into  the  above  sealed 
vials  by  piercing  through  the  butyl  rubber  septum  and  partly  dipped  into  the  enriched  culture  as 
shown  in  Ligure  34.  After  every  24  h  of  incubation,  one  capillary  was  taken  out  and  plated  onto 
the  agar  slants  of  both  media  Ml  and  M2  and  incubated  at  room  temperature  under  anaerobic 
conditions.  This  exercise  was  repeated  every  24  h  for  about  two  weeks  to  allow  isolation  of  a 
motile  and  chemotactic  bacterial  strain.  The  isolated  strain  formed  small,  black  colonies  (<  1  mm 
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diameter)  on  solidified  medium  Ml,  and  small,  white,  shining  colonies  (<  1  mm  diameter)  on 
solidified  medium  M2. 


Sealed  microcapillary 

\/ 


Figure  34  Schematic  representation  of  the  technique  used  to  isolate  chemotactic  bacteria.  A  5-pL  micro¬ 
capillary  containing  an  explosive  solution  and  sealed  at  outer  end  is  inserted  into  an  air-tight  10-mL  glass 
vial  containing  5  mL  of  enriched  culture  under  anaerobic  conditions. 


Bacterial  Identification.  Morphological,  physiological  and  biochemical  characterization  of  the 
isolated  strain  were  performed  by  standard  methods  described  for  gram-staining,  spore- staining, 
catalase,  oxidase,  H2S  production,  nitrate-  and  nitrite -reduction,  in  the  manual  of  methods  for 
general  bacteriology  (Gerhardt,  1981).  16S  rRNA  gene  analysis  (1200  bases)  and  mol  %  G+C 
content  of  the  strain  were  performed  by  laboratory  services  division,  University  of  Guelph,  ON, 
Canada.  The  strain  was  named  EDB2  (EDB  stands  for  explosive  degrading  bacterium). 

Following  microscopy  techniques  were  performed  to  determine  morphology,  motility, 
flagella  and  cell-count:  1)  Phase  contrast  microscopy  was  used  to  observe  cell-motility  by 
hanging  drop  method  (Gerhardt,  1981)  using  standard  microscope  glass  slides  with  cavity.  It  was 
also  used  for  bacterial  cell  count  with  Petroff-Hausser  counter  (Hausser  Scientific,  Horsham,  PA, 
USA);  2)  Transmission  electron  microscopy  (TEM)  was  used  to  observe  bacterial  morphology 
and  type  of  flagella.  For  TEM,  bacterial  cells  were  negatively  stained  as  follows:  a  20  pL  of  mid¬ 
log-phase  culture  was  placed  onto  a  formvar  (polyvinyl  formaldehyde)  coated  grid  of  mesh  size 
400.  After  4  min  of  incubation  at  room  temperature  the  excess  fluid  was  drained  off  with 
whatman  filter  paper.  The  culture  sticking  to  the  grid  was  stained  with  2  %  ammonium 
molybdate  for  about  30  seconds.  Excess  stain  was  drained  and  grid  was  washed  with  double 
distilled  water.  The  grid  was  air-dried  and  observed  under  a  transmission  electron  microscope 
(Hitachi  H7500). 

Chemotaxis  assays 

Qualitative  agarose-plug  assay.  This  assay  was  conducted  as  described  by  Childers  et  al.  (2002) 
with  some  modifications  using  low-melting-point  agarose  (1.6  %  w/v,  Sigma  chemicals, 
Canada).  Briefly,  a  chemotaxis  chamber  of  dimensions  20  x  20  x  1.5  mm  was  made  with  two 
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plastic  strips  glued  to  a  glass  slide.  A  drop  of  low-melting-point  agarose  containing  an  explosive 
compound  was  placed  on  a  glass  coverslip  and  inverted  onto  the  plastic  strips.  Bacterial  cells, 
grown  anaerobically  in  100  mL  of  medium  M2  supplemented  with  RDX,  HMX  and  CL-20 
together  (15  pM  each),  were  washed  once  with  PBS  buffer  and  resuspended  in  8  mL  of  PBS 
buffer  containing  1  mM  glucose  as  energy  source  before  transferring  to  the  chemotaxis  chamber. 
The  latter  was  then  transferred  to  a  plastic  tube  sealed  with  a  rubber  stopper  followed  by  flushing 
with  N2:CC>2  (80:20)  to  create  anaerobic  conditions  and  then  incubated  at  30°C.  Bacterial  ring 
formation  around  the  agarose-drop  was  observed  for  60  min.  Two  separate  controls  were  used  for 
comparison;  the  first  contained  agarose-drop  with  buffer  alone,  and  the  second  contained 
autoclaved  killed  cells  against  a  test  chemical(s). 

Quantitative  micro-capillary  assay.  A  modified  version  of  previously  described  method 
(Samanta  et  al.,  2000)  was  used.  The  cyclic  nitramines,  at  a  defined  concentration,  were  charged 
into  1-pL  micro-capillaries  (Drummond  scientific  company,  Broomall,  PA,  USA).  The  latter 
were  inserted  into  a  U-shaped  chamber  (similar  to  the  chemotaxis  chamber  as  mentioned  above 
but  without  agarose-drop)  already  flooded  with  cell  suspension  of  strain  EDB2.  The  U-shaped 
chamber  was  then  incubated  under  anaerobic  conditions  for  30  min.  Micro-capillaries  were 
removed  from  the  chamber  and  the  cells  sticking  outside  the  capillaries  were  washed  away  with 
PBS  buffer.  Cells  accumulated  inside  the  capillaries  were  counted  by  Petroff-Hausser  counter 
following  serial  dilutions.  Controls  were  same  as  mentioned  above. 

Biotransformation  assays  for  RDX,  HMX  and  CL-20.  Biotransformation  assays  were 
performed  in  6-mL  air-tight  glass  vials  under  strict  anaerobic  conditions  by  purging  the  reaction 
mixture  with  argon  for  20  min.  Each  assay  vial  contained  (one  ml  of  assay  mixture)  either  RDX 
(20  pM),  HMX  (20  pM)  or  CL-20  (20  pM)  and  resting-cells  preparation  (5  mg  wet  biomass/ml) 
in  a  potassium  phosphate  buffer  (50  mM,  pH  7.0).  To  determine  the  effect  of  NADH  on  rate  of 
biotransformation  of  explosive(s),  NADH  (200  pM)  was  added  to  the  reaction  vial(s)  and 
incubated  at  30°C.  Three  different  controls  were  prepared  by  omitting  either  resting-cells,  NADH 
or  both  from  the  assay  mixture.  Residual  NADH  was  measured  as  described  before  (Bhushan  et 
al.,  2002).  The  energetic  chemicals  and  their  biotransformed  products  were  analyzed  as 
previously  described  (Hawari  et  al.,  2001;  Hawari  et  al.,  2002;  Monteil-Rivera  et  al.,  2004). 
Explosive  degradation  activity  of  the  cells  was  expressed  as  nmol  h  1  mg  cell  biomass"1  unless 
otherwise  stated. 

Accomplishments 

Isolation  and  identification  of  strain  EDB2.  We  used  a  new  technique  devised  to  isolate 
chemotactic  bacteria  (Figure  35)  to  isolate  an  obligate  anaerobic  bacterial  strain  EDB2,  from  a 
marine  sediment.  Strain  EDB2  was  small  rods  of  length  1.8  -  3.5  pm  and  diameter  0.7-1. 0  pm, 
and  exhibited  gram-variable  character.  Spores  were  not  seen  in  a  stationary-growth-phase  culture. 
The  temperature  and  pH  optima  for  the  growth  were  30  °C  and  7.0,  respectively.  Strain  EDB2 
was  motile  with  help  of  numerous  peritrichous  flagella  (Figure  35).  It  was  catalase  and  oxidase 
negative,  and  produced  H2S  from  S203~".  Also,  it  reduced  nitrate  and  nitrite  to  N2O  using  NADH 
as  electron-donor.  16S  rRNA  gene  analysis  of  1200  bases  (GenBank  accession  number 
AY5 10270)  showed  that  strain  EDB2  was  97  %  similar  to  Clostridium  xylanolyticum  (GenBank 
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accession  number  X76739)  and  Clostridium  strain  DR7  (GenBank  accession  number  Y10030). 
Strain  EDB2  differed  from  C.  xylcinolyticum  for  having  higher  mol  %  G+C  content  of  53.6 
compared  to  40  %,  and  for  its  potential  to  reduce  nitrite  and  nitrate.  No  published  description  was 
available  for  Clostridium  strain  DR7.  The  results  showed  that  strain  EDB2  belonged  to  genus 
Clostridium  however  it  did  not  match  with  any  closely  related  species. 


Figure  35  Transmission  electron  micrograph  of  negatively  stained  cell  of  strain  EDB2.  Bar  indicates  1 
pm. 


Chemotaxis  response  of  strain  EDB2  towards  cyclic  nitramines  including  CL-20.  Agarose- 
plug  assays  showed  qualitative  chemotaxis  of  strain  EDB2  in  form  of  visible  bright  rings  around 
the  agarose-plug(s)  containing  RDX,  HMX,  CL-20  or  nitrite.  Control  agarose-plug  containing 
only  buffer  did  not  show  chemotaxis  response  (Figure  36). 

Micro-capillary  assays  showed  quantitative  chemotaxis  response  of  strain  EDB2  towards 
the  three  explosives  and  the  nitrite  ion  (Table  13).  Since  we  found  that  biotransformation  of 
RDX,  HMX  and  CL-20  occurred  via  an  initial  N-denitration  (discussed  below),  we  presumed 
that  nitrite  released  from  the  explosive  molecules  was  responsible  for  eliciting  a  chemotaxis 
response  in  strain  EDB2.  Hexahydro-l-nitroso-3,5-dinitro-l,3,5-triazine  (MNX),  a  RDX 
metabolite  that  also  released  nitrite  on  reaction  with  strain  EDB2,  elicited  a  chemotaxis  response 
in  strain  EDB2  (Figure  36  and  Table  13).  On  the  other  hand,  HMX,  being  the  most  recalcitrant 
(discussed  below),  elicited  the  least  chemotaxis  response  (Table  13).  Our  hypothesis  was 
strengthened  when  hexahydro-l,3,5-trinitroso-l,3,5-triazine  (TNX),  a  RDX  metabolite  without  a 
nitro  group,  did  not  elicit  chemotaxis  response  (Table  13).  Additionally,  methylenedinitramine 
and  4-nitro-2,4-diazabutanal,  both  ring-cleavage  metabolites  from  RDX  and/or  HMX  (Halasz  el 
al.,  2002;  Fournier  el  al.,  2002),  neither  released  nitrite  during  their  reaction  with  resting  cells  of 
strain  EDB2  nor  they  elicited  chemotaxis  response  in  strain  EDB2.  Other  known  carbon  products 
of  cyclic  nitramines  i.e.  HCHO  and  HCOOH,  which  lack  NO2 ,  elicited  a  poor  chemotaxis 
response  in  bacterium  (data  not  shown).  The  above  data  confirmed  that  nitrite  released  from  the 
explosives  was  primarily  responsible  for  inducing  chemotaxis  response  in  strain  EDB2.  Once 
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gathered  around  the  contaminated  site,  strain  EDB2  may  form  high  population  density  and 
reproduce  more  rapidly  as  did  other  bacteria  (Park  et  al.,  2003;  Greenberg,  2003).  As  a  result, 
higher  degradation  rates  of  energetic  chemicals  can  be  achieved  by  strain  EDB2  as  previously 
reported  with  regard  to  bacterial  degradation  of  naphthalene  (Marx  and  Aitken,  2000;  Law  and 
Aitken,  2003). 


Buffer  Nitrite  RDX 


MNX  CL-20  HMX 


Figure  36  Qualitative  chemotaxis  assay  with  strain  EDB2  by  agarose-plug  method.  Bright  ring  of 
bacterial  cells  around  the  plug  indicated  chemotaxis. 


Table  13  Quantitative  chemotaxis  assay  with  strain  EDB2  by  micro-capillary  method. 


Compound 

Cone.  (|dM) 

Chemotaxis  index3 

1.  Buffer13 

— 

1.0  ±0.1 

2.  RDX 

10 

5.0  ±0.4 

3.  HMX 

10 

2.4  ±0.2 

4.  CL-20 

8 

7.2  ±0.5 

5.  MNX 

10 

5.9  ±0.4 

6.  TNX 

10 

1.3  ±0.1 

7.  Nitrite 

10 

7.9  ±0.6 

100 

18.5  ±  1.3 

a  ratio  of  number  of  cells  accumulated  inside  the  capillary  containing  test  compound  to  the 
number  of  cells  accumulated  inside  the  capillary  containing  only  buffer  ( i.e .  850  ±  90 
cells);  data  are  mean  ±  SD  ( n  =  3). 
b  negative  control  without  compound. 


Biodegradation  of  cyclic  nitramine  explosives  including  CL-20.  Growing-culture  of  strain 
EDB2  biotransformed  the  three  explosives,  in  medium  M2,  as  a  function  of  its  growth  with  the 
following  order  i.e.  CL-20  >  RDX  >  HMX  (Figure  37).  In  resting  cells  study,  biotransformation 
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rates  of  RDX,  HMX  and  CL-20  by  strain  EDB2  were  1.8  ±  0.2,  1.1  ±0.1  and  2.6  ±  0.2  nmol  h  1 
mg  biomass'1  (mean  ±  SD;  n  =  3),  respectively,  whereas,  in  the  presence  of  100  pM  NADH,  the 
biotransformation  rates  of  the  three  explosives  enhanced  to  4.5  ±  0.3,  2.5  ±  0.3  and  7.2  ±  0.6 
nmol  h  1  mg  biomass'1  (mean  ±  SD;  n  =  3),  respectively.  In  contrast,  a  negligible  response  was 
observed  upon  addition  of  100  pM  NADPH  indicating  the  involvement  of  unidentified  NADH- 
dependent  enzyme(s).  No  degradation  was  observed  in  control  experiments  without  resting  cells 
within  one  hour  of  assay  time.  We  found  that  biotransformation  of  RDX  or  HMX  was 
accompanied  by  the  formation  of  N02',  N20,  HCHO  and  HCOOH,  while  biotransformation  of 
CL-20  produced  N02",  N20  and  HCOOH. 


Figure  37  Biotransformation  of  RDX  (•),  HMX  (o)  and  CL-20  (▼)  by  strain  EDB2  as  a  function  of  its 
growth  (■).  Data  are  mean  ±  SD  (n  =  3).  Some  error  bars  are  not  visible  due  to  their  small  size. 


Resting-cells  of  strain  EDB2  also  catalyzed  NADH- dependent  biotransformation  of 
HCHO  to  HCOOH  which  did  not  accumulate  (data  not  shown).  In  a  subsequent  experiment, 
strain  EDB2  mineralized  40  %  of  H14CHO  (of  the  total  340  pg  H14CHO/L  medium)  with 
evolution  of  14CO?  after  4  days  of  incubation  in  medium  Ml  suggesting  an  intermediary 
formation  of  HCOOH. 

Conclusion 

In  the  present  study,  we  isolated  an  obligate  anaerobic  bacterium  Clostridium  sp.  strain 
EDB2  from  a  marine  sediment.  Strain  EDB2,  motile  with  numerous  peritrichous  flagella, 
demonstrated  chemotactic  response  towards  RDX,  HMX,  CL-20  and  N02".  The  three  explosives 
were  biotransformed  by  strain  EDB2  via  N-denitration  with  concomitant  release  of  nitrite  ion 
(N02").  The  N02"  thus  produced  attracted  other  distantly  located  bacterial  cells  to  help 
accelerating  the  biodegradation  process.  Biotransformation  rates  of  RDX,  HMX  and  CL-20  by 
the  resting  cells  of  strain  EDB2  were  1.8  ±  0.2,  1.1  ±0.1  and  2.6  ±  0.2  nmol  h  1  mg  wet  biomass'1 
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(mean  ±  SD;  n  =  3),  respectively.  In  comparison  to  the  conventional  microbial  degradation  where 
microorganism(s)  fortuitously  come  in  contact  with  the  energetic  chemicals,  the  present  study 
emphasizes  the  use  of  chemotactic  bacteria  for  efficient  removal  of  explosives  in  contaminated 
sites.  This  is  the  first  report,  which  showed  that  a  pure  bacterial  culture  (strain  EDB2)  accessed 
the  three  hydrophobic  cyclic  nitramine  explosives  by  chemotaxis  and  degraded  them  to 
innocuous  products.  The  properties  demonstrated  by  strain  EDB2  renders  it  useful  for  the 
cleanup  of  sites  contaminated  with  cyclic  nitramines. 
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XIV  Enzymatic  degradation  of  CL-20:  determination  of  reaction  pathways 


XIV.l  Biotransformation  of  CL-20  by  salicylate  1 -monooxygenase 

The  findings  of  the  research  performed  under  this  section  have  been  published  in: 

Bhushan  B,  Halasz  A,  Spain  JC,  Hawari  J.  (2004)  Initial  reaction(s)  in  biotransformation  of  CL-20 
catalyzed  by  salicylate  1 -monooxygenctse  from  Pseudomonas  sp.  ATCC  29352.  Appl.  Environ.  Microbiol. 
70:4040-4047.  Copy  attached  at  the  end  of  the  present  report. 

Introduction 

We  reported  earlier  aerobic  biodegradation  of  CL-20  by  the  soil  isolate  Agrobacterium 
sp.  JS71,  which  utilized  CL-20  as  a  sole  nitrogen  source  and  assimilated  3  moles  of  nitrogen  per 
mole  of  CL-20  (Trott  el  al.,  2003)  and  anaerobic  biodegradation  of  the  same  chemical  by  the  soil 
isolate  Pseudomonas  sp.  strain  FA1  (Bhushan  et  al.,  2003a).  In  both  cases,  no  information  was 
provided  on  the  initial  enzymatic  reactions  involved  in  the  biodegradation  of  CL-20. 
Flavoenzyme(s)  from  Pseudomonas  sp.  FA1  might  have  been  responsible  for  the 
biotransformation  of  CL-20  via  an  initial  N-denitration  mechanism  (Bhushan  et  al.,  2003a), 
however,  we  did  not  detect  initial  metabolite(s)  to  support  our  hypothesis. 

Previous  reports  on  biotransformation  and  biodegradation  of  RDX  and  HMX  by  a  variety 
of  microorganisms  and  enzymes  have  shown  that  initial  N-denitration  led  to  ring  cleavage  and 
decomposition  (Bhushan  et  al.,  2002,  2003c;  Halasz  et  al.,  2002;  Fournier  et  al.,  2002).  We  also 
reported  CL-20  biotransformation  products  such  as  nitrite,  nitrous  oxide  and  formate  (Bhushan  et 
al.,  2003a). 

Salicylate  1 -monooxygenase  (EC  1.14.13.1),  a  flavin  adenine  dinucleotide  (FAD)- 
containing  enzyme  from  Pseudomonas  sp.  (ATCC  29352),  is  capable  of  catalyzing  a  variety  of 
biochemical  reactions  (Kamin  et  al.,  1978).  The  physiological  role  of  salicylate  1- 
monooxygenase  is  to  biotransform  salicylate  to  catechol  (Katagiri  et  al.,  1965).  However,  it 
demonstrates  activity  against  many  other  substrates  such  as  o-halogenophenol  and  o-nitrophenol 
(Suzuki  et  al.,  1991),  benzoates  and  variety  of  other  compounds  (Kamin  et  al.,  1978).  We 
hypothesized  that  CL-20,  being  an  oxidized  chemical,  might  act  as  a  substrate  of  salicylate  1- 
monooxygenase  by  accepting  electron(s). 

In  the  present  study,  we  used  salicylate  1 -monooxygenase  as  a  model  flavoenzyme  to 
understand  the  initial  enzymatic  reaction(s)  involved  in  the  biodegradation  of  CL-20  and  to  gain 
insights  into  how  flavoenzyme(s)  producing  bacteria  biotransform  CL-20.  Uniformly  ring- 
labeled  [15N] -CL-20  and  180-labeled  water  (H2180)  were  used  to  identify  the  intermediate(s) 
produced  during  the  course  of  reaction  by  LC/MS.  Additionally,  we  studied  the  involvement  of 
the  FAD-site  of  salicylate  1 -monooxygenase  in  CL-20  biotransformation. 

Material  and  Methods 

Chemicals.  CL-20  in  8-form  and  99.3  %  purity,  and  uniformly  ring-labeled  [I5N]-CL-20  (e-form 
and  90.0  %  purity)  were  provided  by  ATK  Thiokol  Propulsion,  Brigham  City,  UT,  USA.  NADH, 
diphenyliodonium  chloride  (DPI)  and  flavin  adenine  dinucleotide  (FAD)  were  purchased  from 
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Sigma  chemicals,  Oakville,  ON,  Canada.  O-labeled  water  (95  %  normalized  O  atoms)  was 
purchased  from  Aldrich  Chem.  Co.,  Milw,  WI,  USA.  All  other  chemicals  were  of  the  highest 
purity  grade. 

Enzyme  preparation  and  modification.  Salicylate  1 -monooxygenase  (EC  1.14.13.1)  from 
Pseudomonas  sp.  ATCC  29352  was  purchased  as  a  lyophilized  powder  (protein  approx.  45  %  by 
Biuret  method)  from  Sigma  chemicals,  Oakville,  ON,  Canada.  Native  enzyme  activity  against 
salicylate  was  determined  as  per  company  guidelines.  The  enzyme  was  washed  with  phosphate 
buffer  (pH  7.0)  at  4°C  using  Biomax-5K  membrane  centrifuge  filter  units  (Sigma  chemicals, 
Oakville,  ON)  to  remove  preservatives  and  then  resuspended  in  the  same  buffer.  The  protein 
content  was  determined  by  Pierce  BCA  (bicinchoninic  acid)  protein  assay  kit  from  Pierce 
chemicals  company,  Rockford,  IL,  USA.  Apoenzyme  (deflavo-form)  was  prepared  by  removing 
FAD  from  salicylate  1 -monooxygenase  using  a  previously  reported  method  (Wang  et  al.,  1984). 
Reconstitution  was  carried  out  by  incubating  the  apoenzyme  with  100  pM  of  FAD  in  a  potassium 
phosphate  buffer  (50  mM,  pH  7.0)  for  1  h  at  4oC.  The  unbound  FAD  was  removed  by  washing 
the  enzyme  with  the  same  buffer  using  Biomax-5K  membrane  centrifuge  filter  units. 

Biotransformation  assays.  Enzyme  catalyzed  biotransformation  assays  were  performed  under 
aerobic  as  well  as  anaerobic  conditions  in  6-mF  glass  vials.  Anaerobic  conditions  were  created 
by  purging  the  reaction  mixture  with  argon  gas  for  20  min  and  by  replacing  the  headspace  air 
with  argon  in  sealed  vials.  Each  assay  vial  contained,  per  mF  of  assay  mixture,  CF-20  or 
uniformly  ring-labeled  [15N]-CF-20  (25  pM  or  11  mg  F'1),  NADH  (100  pM),  enzyme  preparation 
(250  pg)  and  potassium  phosphate  buffer  (50  mM,  pH  7.0).  Higher  CF-20  concentrations  than  its 
aqueous  solubility  of  3.6  mg  F'1  (Monteil-Rivera  et  al.,  2004),  were  used  in  order  to  allow 
detection  and  quantification  of  the  intermediate(s).  Reactions  were  performed  at  30°C.  Three 
different  controls  were  prepared  by  omitting  either  enzyme,  CF-20  or  NADH  from  the  assay 
mixture.  Boiled  enzyme  was  also  used  as  a  negative  control.  NADH  oxidation  was  measured 
spectrophotometrically  at  340  nm  as  described  before  (Bhushan  et  al.,  2002).  Samples  from  the 
liquid  and  gas  phase  in  the  vials  were  analyzed  for  residual  CF-20  and  biotransformed  products. 

To  determine  the  residual  CF-20  concentrations  during  biotransformation  studies,  the 
reaction  was  performed  in  multiple  identical  vials.  At  each  time  point,  the  total  CF-20  content  in 
one  reaction  vial  was  solubilized  in  50  %  aqueous  acetonitrile  and  analyzed  by  HPFC  (see 
below). 

To  demonstrate  the  effect  of  enzyme  concentration  on  CF-20  biotransformation,  a 
progress  curve  was  made  under  anaerobic  conditions  by  incubating  salicylate  1 -monooxygenase 
at  an  increasing  concentration  (0.25  to  2.0  mg/mF)  with  45  pM  CF-20  and  100  pM  NADH.  The 
reactions  conditions  were  the  same  as  described  above. 

To  determine  the  incorporation  of  water  into  CF-20  metabolite(s).  Ho  O  was  mixed  with 
potassium  phosphate  buffer  (100  mM;  pH  7.0)  at  a  ratio  of  8:2.  All  other  reaction  ingredients  and 
conditions  were  the  same  as  those  described  above  for  the  biotransformation  of  CF-20. 

Enzyme  inhibition  studies.  Inhibition  with  diphenyliodonium  chloride  (DPI),  an  inhibitor  of 
flavoenzymes  that  acts  by  forming  flavin-phenyl  adduct  (Chakraborty  and  Massey,  2002),  was 
assessed  by  incubating  salicylate  1 -monooxygenase  (1  mg)  with  DPI  (0  to  0.5  mM)  at  room 
temperature  for  15-20  min.  After  incubation,  CF-20  biotransformation  activities  of  the  enzyme 
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were  determined  by  monitoring  the  residual  CL-20  as  described  above. 

Analytical  procedures.  CL-20  and  its  degradation  products  were  detected  and  analyzed  as 
described  in  section  IX.  Formaldehyde  (HCHO)  was  analyzed  by  HPLC  after  derivatization  with 
2,4-pentanedione  as  previously  reported  (Halasz  el  al.,  2002). 

Accomplishments 

Salicylate  1-monooxygenase  catalyzed  biotransformation  of  CL-20.  Biotransformation  of  CL- 
20  with  a  purified  salicylate  1 -monooxygenase,  from  Pseudomonas  sp.  ATCC  29352,  was  found 
to  be  NADH-dependent  and  optimal  at  pH  7.0  and  30°C  under  dark  conditions.  A  progress  curve 
demonstrated  a  linear  increase  in  CL-20  biotransformation  as  a  function  of  enzyme  concentration 
(Figure  38).  The  rates  of  CL-20  biotransformation  were  15.36  ±  0.66  and  2.58  ±  0.18  nmol  h  1 
mg  of  protein"1  under  anaerobic  and  aerobic  conditions,  respectively,  indicating  the  involvement 
of  an  initial  oxygen-sensitive  process.  On  the  other  hand,  salicylate  1 -monooxygenase  activity 
against  the  physiological  substrate  salicylate  was  3,480  nmol  min"1  mg  of  protein"1  under  aerobic 
conditions.  The  low  activity  of  enzyme  against  CL-20  might  be  due  to  three  reasons:  (1) 
biotransformation  rate  of  the  poorly  soluble  CL-20  is  limited  by  the  rate  of  mass  transfer  from 
solid  to  aqueous  phase.  In  comparison,  the  aqueous  solubility  of  salicylate  is  about  2000  mg/L  at 
20°C  (The  Merck  Index,  2001)  and  would  be  higher  at  30°C.  (2)  CL-20  is  not  a  physiological 
substrate  of  salicylate  1 -monooxygenase  hence  its  interaction  with  this  enzyme  is  expected  to  be 
rather  slow.  (3)  CL-20  was  biotransformed  under  anaerobic  conditions  in  contrast  to  the  aerobic 
biotransformation  of  salicylate. 


Enzyme  concentration  (mg/ml) 


Figure  38  Progress  curve  demonstrating  CL-20  biotransformation  as  a  function  of  salicylate  1- 
monooxygenase  concentration.  The  linear-regression  curve  has  a  gradient  of  15.42  and  a  r 2  of  0.99.  Data 
are  means  of  results  from  the  triplicate  experiments,  and  error  bars  indicate  standard  errors.  Some  error 
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bars  are  not  visible  due  to  their  small  size. 


In  a  previous  study,  the  rates  of  CL-20  biotransformation  with  flavoenzyme(s)  from 
Pseudomonas  sp.  FA1,  under  anaerobic  and  aerobic  conditions,  were  11.46  ±  0.36  and  2.46  ± 
0.06  nmol  h  1  mg  protein'1,  respectively  (Bhushan  et  al. ,  2003a),  which  appear  to  be  similar  to 
those  we  observed  in  the  present  study.  The  total  flavin  contents  in  salicylate  1 -monooxygenase 
and  flavoenzyme(s)  from  Pseudomonas  sp.  FA1  were  20.5  and  12.6  nmol  mg  protein'1, 
respectively.  Hence,  under  anaerobic  conditions,  CL-20  biotransformation  by  the  two  enzymes  in 
terms  of  their  flavin  contents  were  0.72  and  0.90  nmol  h  1  (nmol  flavin  moiety)'1,  respectively.  In 
all  controls,  we  found  that  abiotic  degradation  of  CL-20  was  negligible  in  one  hour  of  reaction 
time.  The  maximum  abiotic  degradation  of  CL-20  (0.60  ±  0.06  nmol  h'1)  was  seen  in  a  control 
with  NADH  under  anaerobic  conditions,  which  was  only  5  %  of  the  CL-20  degradation  catalyzed 
by  salicylate  1 -monooxygenase. 

Molecular  oxygen  (CL)  inhibits  CL-20  biotransformation  in  two  possible  ways:  first,  by 
competing  with  CL-20  for  accepting  electron(s)  at  the  FAD-site  since  CL,  in  the  absence  of 
substrate,  is  known  to  accept  electrons  from  the  reduced  salicylate  1 -monooxygenase  to  produce 
H2O2  (Kamin  et  al.,  1978);  second,  by  quenching  an  electron  from  the  CL-20  anion-radical 
(described  below)  converting  it  back  to  the  parent  molecule  (CL-20)  and  thus  enforcing  a  futile 
redox-cycling.  Analogously,  CL-mediated  inhibition  of  RDX  anion-radical  formation  was 
observed  during  biotransformation  of  RDX  catalyzed  by  diaphorase  (Bhushan  et  al.,  2002).  Due 
to  the  inhibitory  effect  of  oxygen,  the  subsequent  experiments  were  carried  out  under  anaerobic 
conditions. 

Time-course  studies  showed  a  gradual  disappearance  of  CL-20  at  the  expense  of  the 
electron-donor  NADH  with  concomitant  release  of  nitrite  (NO2  )  and  nitrous  oxide  (N2O)  (Figure 
39).  We  found  that  N2O,  although  produced  at  later  steps  of  CL-20  biotransformation  (described 
below),  appeared  before  NO2"  in  the  assay  medium  as  shown  in  Figure  39.  This  could  be 
explained  by  two  facts,  first,  there  was  a  large  difference  in  stoichiometries  of  nitrite  (1.7)  and 
nitrous  oxide  (3.2);  second,  nitrous  oxide  detection  method  (GC-electron  capture  detector)  was 
much  more  sensitive  (lowest  detection  limit  0.022  nmol)  than  the  nitrite  detection  method 
(HPLC-conductivity  detector)  (lowest  detection  limit  5.434  nmol/ml).  Hence,  nitrous  oxide  was 
detected  as  early  as  20  min  after  the  beginning  of  reaction,  whereas  nitrite  was  detected  only  after 
30  min  (Figure  39).  After  2  h  of  reaction,  each  reacted  CL-20  molecule  consumed  about  1.9 
NADH  molecules  and  produced  1.7  nitrite  ions,  3.2  molecules  of  nitrous  oxide,  1.5  molecules  of 
formic  acid  and  0.6  molecule  of  ammonium  (Table  14).  Of  the  total  12  nitrogen  atoms  (N)  and  6 
carbons  (C)  per  reacted  CL-20  molecule,  we  recovered  approximately  9  N  (as  NO2",  N2O  and 
NH4+)  and  2  C  (as  HCOOH),  respectively.  The  remaining  3  N  and  4  C  were  probably  present  in 
yet  unidentified  product(s).  In  comparison,  a  membrane-associated  flavoenzyme(s)  from 
Pseudomonas  sp.  FA1  produced  2.3  nitrite  ions,  1.5  molecules  of  nitrous  oxide  and  1.7 
molecules  of  formic  acid  from  each  reacted  CL-20  molecule  (Table  14).  Furthermore,  during 
photodegradation  of  CL-20  at  300  nm  in  acetonitrile-aqueous  solution  which  was  also  initiated 
by  N-denitration,  the  product  distribution  was  similar  to  the  present  study,  but  the  stoichiometry 
was  different  i.e.  each  reacted  molecule  of  CL-20  produced  5.0,  5.3,  1.4  and  0.3  molecules  of 
NO2",  HCOOH,  NH3  and  N2O,  respectively  (Hawari  et  al.,  2004).  The  probable  reason  for  the 
higher  yields  of  NO2'  and  HCOOH  in  photolysis  of  CL-20  was  attributed  to  the  intense  action  of 
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the  high  energy  wavelength  X300  nm  (energy  400  kJ/mol)  which  caused  rapid  cleavage  of  N-NO2 
and  -HC-NNO2  bonds  in  CL-20. 


Figure  39  Time-course  study  of  NADH-dependent  biotransformation  of  CL-20  by  salicylate  1- 
monooxygenase  (1  mg)  under  anaerobic  conditions.  Residual  CL-20  (•),  NADH  (o),  nitrite  (T),  and 
nitrous  oxide  (V).  Data  are  means  of  results  from  triplicate  experiments,  and  error  bars  indicate  standard 
errors.  Some  error  bars  are  not  visible  due  to  their  small  size. 


Involvement  of  flavin-moiety  (FAD)  in  CL-20  biotransformation.  Salicylate  1-monooxygenase 
from  Pseudomonas  sp.  is  a  dimeric  protein  with  two  identical  subunits  where  each  subunit  has  an 
approximate  mol.  wt.  of  45.5  kDa  and  contains  one  molecule  of  FAD  (White-Stevens  and 
Kamin,  1972).  Diphenyliodonium  (DPI)  inhibited  the  biotransformation  of  CL-20  in  a 
concentration-dependent  manner  (Figure  40A).  It  is  known  that  DPI  inhibits  flavoenzymes  by  the 
formation  of  flavin-phenyl  adduct  (Chakraborty  and  Massey,  2002)  which  indicated  the 
involvement  of  FAD  in  CL-20  biotransformation.  Furthermore,  DPI  targets  flavin-containing 
enzymes  that  catalyze  one-electron  transfer  reactions  (O’Donnell  et  al.,  1994;  Chakraborty  and 
Massey,  2002),  which  provided  strong  circumstantial  evidence  that  a  one-electron  transfer 
process  was  involved  in  the  initial  reaction  that  might  have  caused  N-denitration  of  CL-20. 
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Table  14  Comparative  stoichiometries  of  reactants  and  products  during  biotransformation  of  CL-20  by  the  salicylate  1 -monooxygenase  from 
Pseudomonas  sp.  ATCC  29352  and  the  membrane-associated  enzyme(s)  from  Pseudomonas  sp.  FA1. 


Reactant  or  product 

Pseudomonas  sp.  ATCC  29352 d 

Pseudomonas  sp.  FA1  b 

Amount 

(nmol) 

Molar  ratio  of  reactant 
to  product  per  reacted 
CL-20  molecule 

Amount 

(nmol) 

Molar  ratio  of  reactant 
to  product  per  reacted 
CL-20  molecule 

Reactants 

CL-20 

25  ±  1.4 

1.0  ±0.05 

20  ±  1.2 

1.0  ±0.06 

NADH 

48  ±  2.7 

1.9  ±0.10 

90  ±7.1 

4.5  ±0.35 

Products 

Nitrite  (NO2") 

43  ±  2.5 

1.7  ±0.09 

46  ±  3.2 

2.3  ±0.16 

Nitrous  oxide  (N2O) 

79  ±5.3 

3.2  ±0.21 

29  ±  1.6 

1.5  ±0.08 

Formate  (HCOOH) 

37  ±  2.4 

1.5  ±0.09 

34  ±2.8 

1.7  ±0.13 

Ammonium  (NH4+) 

15  ±0.9 

0.6  ±  0.04 

N.D. 

N.D. 

“reaction  was  performed  at  pH  7.0,  30°C  for  2  h  under  anaerobic  conditions;  b  data  are  from  Bhushan  et  al.,  2003a;  all  the  data  are  mean  ±  SE  (;?  =  3); 
N.D.,  not  determined. 
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Figure  40  A,  Concentration-dependent  inhibition  of  salicylate  1 -monooxygenase  catalyzed 
biotransformation  of  CL-20  by  diphenyliodonium.  B,  Biotransformation  of  CL-20  by  the  native-  (1), 
deflavo-  (2)  and  reconstituted-  salicylate  1 -monooxygenase  (3).  One  hundred  percent  CL-20 
biotransformation  activity  was  equivalent  to  15.36  ±  0.66  nmol  h  1  mg  of  protein1.  Data  are  mean 
percentages  of  CL-20  biotransformation  activity  ±  standard  errors  (n  =  3). 


The  involvement  of  FAD  was  additionally  confirmed  by  assaying  deflavo-  and 
reconstituted-form  of  salicylate  1 -monooxygenase  against  CL-20.  The  specific  activities  of  the 
native-,  deflavo-  and  reconstituted-form  of  salicylate  1 -monooxygenase  against  CL-20  were 
15.36  ±  0.66,  2.70  ±  0.18  and  10.98  ±  0.18  nmol  h  1  mg  of  protein'1,  respectively,  revealing  that 
deflavo-enzyme  lost  about  82  %  of  its  activity  compared  to  the  native-enzyme  (Figure  40B).  The 
remaining  18  %  activity  observed  in  deflavo-enzyme  was  due  to  incomplete  removal  of  FAD 
(data  not  shown).  On  the  other  hand,  the  reconstituted  enzyme,  prepared  by  reconstitution  of 
deflavo-enzyme  with  FAD,  restored  the  CL-20  biotransformation  activity  up  to  72  %  (Figure 
40B).  The  above  results  indicate  the  direct  involvement  of  FAD  in  biotransformation  of  CL-20. 
Free  FAD  (100  pM)  also  transformed  CL-20  in  the  presence  of  NADH  (100  pM)  at  a  rate  of  2.10 
±0.18  nmol  h  ,  corresponding  to  14  %  of  the  bound-FAD  present  in  native  salicylate  1- 
monooxygenase.  This  finding  not  only  supports  the  involvement  of  FAD  in  CL-20 
biotransformation  but  also  suggests  that  the  flavin-moiety  has  to  be  enzyme -bound  in  order  to 
function  efficiently.  The  involvement  of  flavoenzyme(s)  in  biotransformation  of  RDX  (Bhushan 
et  al.,  2002)  and  HMX  (Bhushan  et  al.,  2003b)  via  a  one-electron  transfer  process  has  previously 
been  reported.  In  a  study  with  flavin  mononucleotide  (FMN)  containing  diaphorase  from 
Clostridium  kluyveri,  we  reported  an  oxygen-sensitive  one-electron  transfer  reaction  that  caused 
an  initial  N-denitration  of  RDX  followed  by  spontaneous  decomposition  (Bhushan  et  al.,  2002). 
On  the  other  hand,  a  FAD  containing  xanthine  oxidase  also  catalyzed  a  similar  reaction  with 
HMX  (Bhushan  et  al.,  2003b). 


Detection  and  identification  of  metabolites.  The  metabolites  obtained  by  reaction  between 
salicylate  1 -monooxygenase  and  CL-20  were  detected  by  their  deprotonated  molecular  mass  ions 
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[M-H]"  in  LC/MS  (ES-)  studies  and  summarized  in  Table  15.  Intermediates  la  and  lb  appeared 
simultaneously  with  retention  times  (Rt)  of  8.2  and  7.5  min,  respectively  (Figure  41A),  but  with 
the  same  [M-H]'  at  345  Da  (Figure  41C)  corresponding  to  an  empirical  formula  of  CeHeNioOs. 
When  ring-labeled  [15N]-CF-20  was  used  in  the  reaction,  both  la  and  lb  showed  a  deprotonated 
molecular  mass  ion  [M-H]'  at  351  Da  (Table  15,  Figure  41E)  indicating  that  each  intermediate 
included  the  six  nitrogen  atoms  from  the  CF-20  ring.  Moreover,  the  use  of  [  0]-labeled-H2  O 
did  not  affect  the  mass  of  intermediates  la  and  lb.  The  intermediates  la  and  lb,  previously 
observed  during  photolysis  of  CF-20  (Hawari  el  al.,  2004),  were  tentatively  identified  as  isomers 
resulting  from  the  loss  of  two  —  NCF  groups  that  occurred  during  the  initial  reaction(s)  between 
CF-20  and  salicylate  1 -monooxygenase.  In  the  present  study,  we  describe  the  secondary 
decomposition  of  intermediate  la  (Figure  23).  Intermediate  lb,  being  an  isomer  of  intermediate 
la,  might  also  decompose  in  a  similar  way. 

Several  other  products  including  II,  IX,  and  X  were  also  detected  with  Rt  at  12.5,  1.9  and 
1.7  min,  respectively,  and  with  [M-H]'  at  381,  381,  and  293  Da  corresponding  to  empirical 
formulae  of  C7,H  |()N  mOm,  CeHioNioOio,  and  CTHioNf.Os,  respectively  (Table  15).  Fikewise, 
when  amino-labeled  [15N] -CF-20  was  used,  the  [M-H]'  of  products  II,  IX,  and  X  were  observed 
at  387,  387,  and  297  Da,  respectively,  indicating  the  incorporation  of  six  [15N]-atoms  in  II  and 
IX  and  only  four  [  N]-atoms  in  X  (Table  15).  When  the  experiment  was  repeated  with  O- 
labeled  water  (H9180),  the  [M-H]"  of  products  II,  IX,  and  X  were  observed  at  385,  385,  and  301 
Da,  respectively,  indicating  the  incorporation  of  two  [  O] -atoms  into  II  and  IX,  and  four  [  O]- 
atoms  into  X  (Table  15).  Based  on  above  data,  the  intermediate  II  was  tentatively  identified  as  a 
carbinol  adducts  (Cr,H  iqN mOm),  whereas  intermediates  IX  (CfTFoNioOio)  and  X  (Cf.HioNf.Ox) 
were  sequential  ring  cleavage  products  (Table  15  and  Figure  42).  All  above  metabolites  were 
transient  and  completely  disappeared  after  2.5  h  of  reaction. 

To  determine  the  source  of  NiO,  experiments  were  performed  with  uniformly-ring- 
labeled  [15N]-CF-20.  15N14NO  was  detected  in  GC-MS  analysis  with  a  molecular  mass  of  45  Da 
which  confirmed  that  of  the  two  nitrogen  atoms  in  N2O  one  nitrogen  was  from  the  CF-20  ring 
and  the  second  was  from  the  peripheral  nitro  (— NO2)  group.  We  found  that  all  of  the  N2O,  in  the 
present  study,  was  labeled  and  produced  from  N-NO2  groups  released  from  the  CF-20  as 
previously  suggested  by  Patil  and  Brill  (1991).  Analogously,  N2O  generation  from  N-NO2  has 
also  been  reported  during  biodegradation  of  RDX  (Halasz  el  al.,  2002)  and  HMX  (Bhushan  el 
al.,  2003b).  In  a  previous  study,  we  reported  that  N2O,  besides  being  produced  from  N-NO2,  was 
also  produced  via  nitrite  reduction  catalyzed  by  an  enzyme  preparation  from  Pseudomonas  sp. 
FA1  (Bhushan  et  al.,  2003a).  In  contrast,  the  present  study  did  not  show  N2O  production  through 
nitrite  reduction.  For  instance,  when  we  incubated  NaNCF  (1  mM)  with  salicylate  1- 
monooxygenase  and  NADH  under  similar  reaction  conditions  as  used  for  CF-20 
biotransformation,  N2O  was  not  detected  during  2  h  of  reaction  which  additionally  supported  that 
N-NO2  was  the  only  source  of  N2O  in  the  present  study. 
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Figure  41  (A)  LC/MS  (ES-)  extracted  ion-chromatogram  of  CL-20  (m/z  =  500  Da)  and  its  metabolite 
(la)  (m/z  =  345  Da)  produced  by  the  reaction  of  CL-20  with  salicylate  1 -monooxygenase;  (B-E):  LC/MS 
(ES-)  spectra  of  non-labeled  CL-20  (B),  and  its  metabolite  la  (C),  amino-labeled  [15N]-CL-20  (D),  and  its 
metabolite  la  (E). 
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HCOOH  +  NH3 

Figure  42  Proposed  pathway  of  initial  biotransformation  of  CL-20  catalyzed  by  salicylate  1- 
monooxygenase  followed  by  secondary  decomposition.  Nitrogen  atoms  shown  in  bold  were  amino- 
nitrogens  and  were  uniformly  labeled  in  [l5N]-CL-20.  Secondary  decomposition  of  intermediate  la  is 
shown,  whereas  lb  might  also  decompose  like  la.  Intermediate  shown  between  brackets  was  not  detected. 
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Table  15  Properties  of  metabolites  detected  and  identified  by  LC/MS  (ES-)  during  biotransformation  of  CL-20  catalyzed  by  salicylate  1- 
monooxygenase  from  Pseudomonas  sp.  ATCC  29352. 


Metabolite  a 

Retention 
time  (Rt) 
(min.) 

Relative  peak  area 
in  LC/MS  (ES-) 
extracted  ion- 
chromatogram  b 

[M-H]' 

(Da)c 

Number  of 
nitrogen  atoms 
from  labeled- 
[15N]-CL-20  ring 

Number  of 
oxygen  atoms 
from  H2180 

Proposed 

empirical 

formula 

la 

8.2 

207980 

345 

6 

0 

c6h6n10o8 

Ibd 

7.5 

26089 

345 

6 

0 

c6h6n10o8 

II 

12.5 

11092 

381 

6 

2 

CgHiqNiqOk 

IX 

1.9 

71672 

381 

6 

2 

CgHiqNiqOk 

X 

1.7 

7637 

293 

4 

4 

c6h10n6o8 

a  tentative  structures  of  these  metabolites  are  shown  in  Figure  42;  b  all  peaks  persisted  for  about  1.5  h  and  then  gradually  disappeared  after  2.5  h  of  reaction; c 
deprotonated  mass  ions;  d  lb,  an  isomer  of  la,  was  a  minor  intermediate  as  shown  in  Figure  41  A. 
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Proposed  mechanism(s)  of  initial  reaction(s)  followed  by  secondary  decomposition  of  CL-20. 
Based  on  the  gradual  appearance  of  nitrite  (Figure  39),  reaction  inhibition  by  oxygen  and  DPI, 
detection  of  initial  intermediate(s)  (Figure  41),  and  analogy  with  other  systems  (Bhushan  el  al., 
2002,  2003b),  we  propose  that  salicylate  1 -monooxygenase  catalyzed  a  single-electron  transfer  to 
the  CL-20  molecule  to  produce  an  anion-radical  (Figure  42).  Spontaneous  N-denitration  of  the 
radical  {i.e.  release  of  first  NCL)  would  produce  a  transient  N-centered  free-radical  as  previously 
proposed  during  biotransformation  (Bhushan  et  al.,  2003a),  thermolysis  (Patil  and  Brill,  1991), 
and  photodegradation  of  CL-20  (Hawari  et  al.,  2004).  The  N-centered  free-radical,  being 
unstable,  must  undergo  rapid  rearrangement  by  cleaving  at  the  weaker  C— C  bond  bridging  the 
two  5-member  rings  in  CL-20  (Figure  42)  (Xinqi  and  Nicheng,  1996).  The  rearranged  molecule 
would  accept  a  second  electron  in  order  to  release  a  second  NCL  to  produce  two  isomeric 
intermediates  la  and  lb  (Table  15,  Figures  41  and  42).  Stoichiometrically,  two  N-denitration 
steps  would  require  an  obligatory  transfer  of  two  electrons  (equivalent  to  one  NADH  molecule), 
however,  we  found  that  1 .9  NADH  molecules  were  consumed  for  each  reacted  CL-20  molecule 
(Table  14).  The  excess  of  NADH  utilized  {i.e.  0.9  molecule)  could  be  due  to  either  binding  of 
NADH  to  the  enzyme  and  hence  lack  of  detection  or  utilization  by  yet  unidentified  CL-20 
metabolite(s). 

Intermediate  la,  produced  as  a  result  of  two  N-denitration  steps,  underwent  hydrolysis  by 
the  addition  of  two  HoO  molecules  across  the  two  imine  bonds  (— C=N— )  to  produce  an  unstable 
carbinol  derivative  II  as  confirmed  by  O-labeled  water  experiment.  Compound  II  might  then 
cleave  at  CLNN— CH(OH)  bond  following  rearrangement  to  produce  intermediate  IX  which  has  a 
similar  [M-H]"  of  381  Da  as  that  of  V  (Table  15  and  Figure  42).  Addition  of  a  water  molecule 
across  a  — C=N—  bond  followed  by  ring-opening  has  previously  been  reported  during  photolysis 
of  CL-20  (Hawari  et  al.,  2004)  and  RDX  (Hawari  et  al.,  2002),  and  cytochrome  P450  catalyzed 
biotransformation  of  RDX  (Bhushan  et  al.,  2003c).  Stoichiometric  addition  of  two  H2O 
molecules  to  IX,  confirmed  by  O-labeled  water  experiment,  produced  intermediate  X  with 
concomitant  release  of  two  nitramide  molecules  (NH9-NO2)  (Table  15  and  Figure  42). 
Intermediate  X,  being  an  a-hydroxyalkyl  nitramine  was  unstable  in  water  (Druckrey,  1973)  and 
therefore  decomposed  to  finally  produce  nitrous  oxide,  formic  acid  and  ammonia  as  quantified  in 
Table  14  and  shown  in  Figure  42. 


Conclusion 

In  the  present  study,  salicylate  1 -monooxygenase,  a  flavin  adenine  dinucleotide  (FAD)- 
containing  purified  enzyme  from  Pseudomonas  sp.  ATCC  29352,  biotransformed  CL-20  at  rates 
of  15.36  ±  0.66  and  2.58  ±  0.18  nmol  h  1  mg  of  protein  1  under  anaerobic  and  aerobic  conditions, 
respectively.  We  provided  the  first  biochemical  evidence  of  initial  reaction(s)  involved  in  the 
transformation  of  CL-20  catalyzed  by  salicylate  1 -monooxygenase  under  anaerobic  conditions. 
The  mechanism  described  here  is  consistent  with  our  previous  enzymatic  studies  with  RDX  and 
HMX  (Bhushan  et  al.,  2002,  2003b),  which  also  suggested  that  one-electron  transfer  is  necessary 
and  sufficient  to  cause  N-denitration  of  RDX  and  HMX  leading  to  their  advanced  decomposition. 
Some  of  the  CL-20  products  observed  in  the  present  study  are  consistent  with  those  reported 
previously  with  respect  to  alkaline  hydrolysis  (Balakrishnan  et  al.,  2003),  biotransformation 
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(Bhushan  et  al.,  2003a)  and  photolysis  (Hawari  et  al.,  2004).  However,  in  these  previous  studies 
neither  initial  metabolite(s)  nor  the  involvement  of  any  specific  enzyme(s)  was  described.  The 
present  study  thus  advances  our  understanding  of  the  initial  steps  involved  in  biotransformation 
of  CL-20  by  flavoenzymes(s)-producing  bacteria.  Pseudomonas  sp.,  being  the  source  of 
salicylate  1 -monooxygenase  and  other  flavoenzymes,  seems  to  be  a  promising  degrader  of  CL- 
20.  Ubiquitous  presence  of  Pseudomonas  and  similar  bacteria  in  the  environments  such  as  soil, 
marine  and  fresh  water  sediments,  and  estuaries  would  therefore  help  in  understanding  the  fate  of 
CL-20  in  such  environments. 
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XIV.2  Nitroreductase  catalyzed  biotransformation  of  CL-20 

These  results  have  been  published  in  the  manuscript: 

Bhushan  B,  Hcilasz  A,  Hciwari  J.  (2004)  Nitroreductase  catalyzed  biotransformation  of  CL-20.  Biochem. 
Biophys.  Res.  Commun.  322:  271-276.  Copy  attached  at  the  end  of  the  present  report. 


Introduction 

In  the  previous  sections,  we  showed  that  biodegradation  of  CL-20  produced  HCOOH  as  a 
carbon-product  in  addition  to  several  nitrogen-containing  products  such  as  nitrite,  nitrous  oxide 
and  ammonium  (Bhushan  et  cil.,  2003a,  2004b).  Only  formic  acid  (2  moles  per  mole  of  CL-20) 
was  confirmed  as  a  carbon  product  of  CL-20,  and  carbon  mass-balance  were  far  to  be  complete 
due  to  the  missing  four  mole  equivalents  of  carbon  in  CL-20. 

Recently,  a  new  carbon-containing  product,  glyoxal,  was  detected  and  quantified  (1  mol 
glyoxal/mol  CL-20)  during  CL-20  reaction  with  Fe°  under  anaerobic  conditions  (section  I; 
Balakrishnan  et  al.,  2004a).  Since  we  hypothesized  that  an  oxygen-sensitive  enzyme  should  also 
biotransform  CL-20  via  an  initial  denitration  to  eventually  give  a  similar  product  distribution  as 
the  one  obtained  with  Fe°,  we  used  a  nitroreductase  from  E.  coli  to  catalyze  biotransformation  of 
CL-20  to  gain  more  insight  into  the  initial  enzymatic  steps  involved  in  the  decomposition  of  the 
chemical. 

Material  and  Methods 

Chemicals.  CL-20  (e-form  and  99.3  %  purity)  and  uniformly  ring-labeled  [15N]-CL-20  (e-form 
and  90.0  %  purity)  were  provided  by  ATK  Thiokol  Propulsion,  Brigham  City,  UT,  USA.  NADH, 
flavin  mononucleotide  (FMN),  glyoxal  (40  %  solution),  superoxide  dismutase  (SOD,  EC 
1.15.1.1,  from  Escherichia  coli)  and  cytochrome  c  (from  horse  heart,  MW  12,384  Da,  purity  90 
%)  were  purchased  from  Sigma  chemicals,  Oakville,  ON,  Canada.  All  other  chemicals  were  of 
the  highest  purity  grade. 

Enzyme  preparation  and  modification.  Nitroreductase  (purity  90  %  by  SDS-PAGE),  from 
Escherichia  coli ,  was  purchased  from  Sigma  chemicals,  Oakville,  ON,  Canada.  The  enzyme  was 
washed  with  phosphate  buffer  (pH  7.0)  at  4°C  using  Biomax-5K  membrane  centrifuge  filter  units 
(Sigma  chemicals,  Oakville,  ON)  to  remove  preservatives  and  then  re-suspended  in  the  same 
buffer.  Native  enzyme  activity  was  determined  as  per  company  guidelines.  The  protein  content 
was  determined  by  Pierce  BCA  (bicinchoninic  acid)  protein  assay  kit  from  Pierce  chemicals 
company,  Rockford,  IL,  USA. 

Apoenzyme  (deflavo-form)  was  prepared  by  removing  FMN  from  the  holoenzyme  using  a 
previously  reported  method  (Koder  et  al.,  2002).  Reconstitution  was  carried  out  by  incubating  the 
apoenzyme  with  100  pM  of  FMN  in  a  potassium  phosphate  buffer  (50  mM,  pH  7.0)  for  1  h  at 
4°C.  The  unbound  FMN  was  removed  by  washing  the  enzyme  with  the  same  buffer  using 
Biomax-5K  membrane  centrifuge  filter  units. 
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Biotransformation  assays.  Enzyme  catalyzed  biotransformation  assays  were  performed  under 
aerobic  as  well  as  anaerobic  conditions  in  6  mL-glass  vials.  Anaerobic  conditions  were  created 
by  purging  the  reaction  mixture  with  argon  gas  for  20  min  and  by  replacing  the  headspace  air 
with  argon  in  sealed  vials.  Each  assay  vial  contained,  per  mL  of  assay  mixture,  CL-20  or 
uniformly  ring-labeled  [15N]-CL-20  (25  pM  or  11  mg  L'1),  NADH  (100  pM),  enzyme  preparation 
(50  pg)  and  potassium  phosphate  buffer  (50  mM,  pH  7.0).  Reactions  were  performed  at  30°C. 
Three  different  controls  were  prepared  by  omitting  either  enzyme,  CL-20  or  NADH  from  the 
assay  mixture.  Heat  inactivated  enzyme  (90°C  for  30  min)  was  also  used  as  a  negative  control. 
NADH  oxidation  was  measured  spectrophotometrically  at  340  nm  as  described  before  (Bhushan 
et  al.,  2004b).  Samples  from  the  liquid  and  gas  phase  in  the  vials  were  analyzed  for  residual  CL- 
20  and  biotransformed  products. 

To  determine  the  residual  CL-20  concentrations  during  biotransformation  studies,  the 
reaction  was  performed  in  multiple  identical  vials.  At  each  time  point,  the  total  CL-20  content  in 
one  reaction  vial  was  solubilized  in  50  %  aqueous  acetonitrile  and  analyzed  by  HPLC  (see 
below). 

To  demonstrate  the  effect  of  enzyme  concentration  on  CL-20  biotransformation,  a  progress 
curve  was  made  under  anaerobic  conditions  by  incubating  nitroreductase  at  an  increasing 
concentration  (25  to  150  pg/ml)  with  CL-20  (45  pM)  and  NADH  (200  pM).  The  reactions 
conditions  were  the  same  as  described  above. 

The  effect  of  molecular  oxygen  (CL)  on  CL-20  biotransformation  activity  of 
nitroreductase  was  determined  by  performing  the  assays  under  aerobic  conditions  at  pH  7.0  and 
30°C.  Lormation  of  anion-radical  CL-20'”  was  determined  by  incubating  CL-20  with 
nitroreductase  in  the  presence  of  NADH,  cytochrome  c  (75  pM)  and  superoxide  dismutase 
(SOD:  150  pg/mL)  as  described  previously  (Anusevicius  et  al.,  1998).  Inhibition  of  cytochrome 
c  reduction  in  the  presence  of  SOD  was  monitored  at  550  nm. 

Analytical  procedures.  CL-20  and  its  degradation  products,  N2O  (14N14NO  and  15N14NO), 
HCOOH,  NO2",  NH4+  and  glyoxal  were  analyzed  as  described  in  section  VI. 


Accomplishments 

Nitroreductase  catalyzed  biotransformation  of  CL-20.  A  purified  nitroreductase,  from 
Escherichia  coli ,  biotransformed  CL-20  in  a  NADH-dependent  manner  at  pH  7.0  and  30°C  under 
anaerobic  conditions.  A  progress  curve  demonstrated  a  linear  increase  in  CL-20 
biotransformation  as  a  function  of  enzyme  concentration  (data  not  shown).  The  rates  of  CL-20 
biotransformation  were  204.0  ±1.2  and  15.0  ±  0.6  nmol  h  1  mg  of  protein  1  (mean  ±  SD;  n  =  3) 
under  anaerobic  and  aerobic  conditions,  respectively,  indicating  the  involvement  of  an  oxygen- 
sensitive  process.  In  all  controls,  we  found  a  negligible  abiotic  removal  of  CL-20  during  one  hour 
of  reaction  time. 

Oxygen-sensitivity  of  the  reaction  suggested  that  nitroreductase  catalyzed  a  one-electron 
transfer  to  CL-20  to  first  produce  an  anion  radical  (CL-20"”)  before  N-denitration  as  previously 
reported  during  biotransformation  of  CL-20  with  salicylate  1 -monooxygenase  (Bhushan  et  al., 
2004b).  Subsequently,  we  found  that  under  aerobic  conditions,  superoxide  dismutase  (SOD) 
inhibited  30  %  of  reduction  of  cytochrome  c,  which  suggested  the  formation  of  oxygen  free- 
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radical  (0*“)  during  the  reaction.  Hence,  molecular  oxygen  (O2)  inhibited  CL-20 
biotransformation  by  quenching  an  electron  from  the  CL-20  anion-radical  and  converting  it  back 
to  the  parent  molecule  (CL-20),  and  thus  enforcing  a  futile  redox-cycling.  Control  experiments 
without  nitroreductase  showed  that  CL-20  was  neither  auto-oxidized  nor  it  directly  reduced 
cytochrome  c.  Analogously;  CL-mediated  inhibition  of  RDX  anion-radical  formation  was 
previously  reported  during  biotransformation  of  RDX  with  diaphorase  (Bhushan  et  al.,  2002). 
Furthermore,  the  phenomenon  of  regeneration  of  parent  nitro-compound  during  reaction  of  nitro 
anion-radical  with  molecular  oxygen  (O2)  in  aerobic  systems  is  well  established  (Wardman  and 
Clarke,  1976;  Oma  and  Mason,  1989;  Anusevicius  et  al.,  1998;  Koder  et  al.,  2001).  Due  to  the 
inhibitory  effect  of  oxygen,  the  subsequent  experiments  were  carried  out  under  anaerobic 
conditions. 

Time-course  of  formation  of  initial  metabolite  (C^H^N  mOx).  In  LC/MS  (ES-)  studies,  we  found 
two  isomeric  key  intermediates,  which  appeared  simultaneously  as  early  as  5  min  of  the  reaction 
with  retention  times  (Rt)  of  8.2  and  7.5  min,  respectively  (Figure  43A).  A  time-course, 
considering  the  relative  HPLC-UV  areas,  showed  that  both  intermediates  reached  their  maximum 
level  after  30  min  and  then  gradually  declined  during  the  course  of  reaction  (Figures  43A  and 
43B).  As  reported  in  previous  sections  (section  VIH,  Hawari  et  al.,  2004;  section  XIV.  1,  Bhushan 
et  al.,  2004b),  the  two  isomers  had  their  deprotonated  molecular  mass  ion  [M-H]~  at  345  Da 
corresponding  to  an  empirical  formula  of  CeHeNioCL  that  was  further  confirmed  by  using 
uniformly  ring-labeled  [l5N] -CL-20.  These  products  corresponded  to  the  doubly  denitrated 
product  of  CL-20,  la  and  lb  of  Figure  42. 

Detection  and  quantification  of  end-products.  Time-course  studies  showed  a  gradual 
disappearance  of  CL-20  at  the  expense  of  the  electron-donor  NADH  with  concomitant  release  of 
nitrite  (NO2"),  nitrous  oxide  (N2O)  and  formate  (Figure  44).  After  3  h  of  reaction,  each  reacted 
CL-20  molecule  consumed  about  1.3  NADH  molecules  and  produced  1.8  nitrite  ions,  3.3 
molecules  of  nitrous  oxide,  1.6  molecules  of  formic  acid,  1.3  ammonium  ions  and  1.0  molecule 
of  glyoxal  (Table  16).  Of  the  total  12  nitrogen  atoms  (N)  and  6  carbons  (C)  per  reacted  CL-20 
molecule,  we  recovered  approximately  10  N  (as  NO2",  N2O  and  NH/)  and  4  C  (as  HCOOH  and 
glyoxal),  respectively.  The  product  distribution  gave  carbon  and  nitrogen  mass-balance  of  60  and 
81  %,  respectively  (Table  16). 

The  products  obtained  in  the  present  study  were  similar,  though  produced  in  different 
relative  yields,  to  those  observed  previously  during  photolysis  of  CL-20  (section  VIII;  Hawari  et 
al.,  2004)  and  reaction  of  CL-20  with  Fe°  (section  IX;  Balakrishnan  et  al.,  2004. a).  The  similar 
products  obtained  biotically  or  abiotically  suggest  that  once  CL-20  undergoes  initial  N- 
denitration,  the  subsequent  reactions  in  water  are  basically  similar. 
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Time  (min) 


Figure  43  (A)  Time  course  of  formation  and  disappearance  of  key  metabolites  la  and  lb  during 
biotransformation  of  CL-20  by  nitroreductase.  Chromatograms  corresponding  to  numbers  1  -3  indicate 
increasing  formation  of  metabolite  la  at  times  5,  15  and  30  min,  respectively,  whereas  chromatograms  4- 
6  indicate  disappearance  of  la  at  times  60,  90  and  150  min,  respectively.  Proposed  molecular  structures 
of  la  and  lb  are  shown  in  Figure  42;  (B)  Formation  and  disappearance  of  la  in  terms  of  HPLC-UV-area  as 
a  function  of  time. 
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Figure  44  Time-course  study  of  NADH-dependent  biotransformation  of  CL-20  by  nitroreductase  under 
anaerobic  conditions.  CL-20  (•),  nitrite  (o),  nitrous  oxide  (T)  and  formate  (■).  Data  are  mean  ±  SE  ( n  = 
2).  Some  error  bars  are  not  visible  due  to  their  small  size. 


A  comparative  study  between  [14N]-CL-20  and  amino-labeled  [15N]-CL-20  using  GC-MS 
analysis  showed  that,  like  with  salicylate  1 -monooxygenase  (section  XIV.  1,  Bhushan  et  al., 
2004b),  N-NCL  groups  in  CL-20  were  the  source  of  N20,  detected  as  14N14NO  (44  Da)  and 
15N14NO  (45  Da),  respectively. 

Formate  appeared  earlier  in  the  assay  medium  compared  to  glyoxal  (data  not  shown) 
which  indicated  that  formate  might  have  been  originated  from  the  initial  denitration  followed  by 
rapid  cleavage  of  the  weakest  C-C  bond  (Figure  1.)  In  contrast,  glyoxal  probably  comes  from  the 
other  two  C-C  bonds  in  CL-20.  We  recovered  1  molar  equivalent  of  glyoxal  per  reacted  CL-20, 
as  found  previously  during  CL-20  reaction  with  Fe°  (section  IX;  Balakrishnan  et  al.,  2004a). 

However,  when  we  incubated  glyoxal  (35  |dM)  with  enzyme  (50  (ig  nitroreductase)  in  1 
mL  of  buffer  for  2  days,  about  44  %  of  glyoxal  disappeared  and  could  not  be  recovered  either  by 
heating  (80  °C  for  1  h)  or  by  denaturing  the  enzyme  with  acetonitrile.  This  finding  suggests  that 
more  glyoxal  could  have  formed  and  may  have  bound  to  the  proteins  via  a  non-enzymatic 
process  called  glycation  (Shangari  et  al.,  2003). 

In  the  presence  of  Fe°,  glyoxal  further  converted  to  glycolic  acid  (Balakrishnan  et  al., 
2004a)  while  in  the  present  study  glyoxal  was  accumulated  as  an  end-product.  Under  biological 
conditions,  further  conversion  of  either  glyoxal  (OHC-CHO)  or  glycolic  acid  (HOH2C-COOH)  to 
glyoxylic  acid  (HOOC-CHO)  requires  involvement  of  glyoxal  oxidase  or  glycolate  oxidase, 
respectively  (Whittaker  et  al.,  1996;  Yadav  and  Gupta,  2000).  The  formation  of  glyoxal  as  a  CL- 
20  product  is  environmentally  significant  since  glyoxal  is  a  reactive  a-oxoaldehyde  and  its 
biological  toxicity  are  well  known  (Shangari  et  al.,  2003).  Glyoxal  is  also  produced  in  biological 
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systems  as  a  result  of  glucose  auto-oxidation,  DNA  oxidation  by  oxygen  free-radicals  and  lipid 
oxidation  (Murata-Kamiya  et  al.,  1997;  Shangari  et  al. ,  2003).  It  reacts  with  proteins  and  nucleic 
acids  by  forming  covalent  bonds  via  a  non-enzymatic  process  called  glycation  thus  leading  to  a 
variety  of  clinical  manifestations  (Shangari  et  al.,  2003).  It  is  a  known  mutagen  (Shangari  et  al., 
2003)  and  an  important  allergen  (Uter  et  al.,  2001).  Thus,  glyoxal  produced  from  CL-20  may 
significantly  contribute  to  the  biological  toxicity  of  CL-20. 


Table  16  Stoichiometry  and  mass-balance  of  reactants  and  products  after  3  h  of  reaction  between  CL-20 
and  nitroreductase  under  anaerobic  conditions  at  pH  7.0  and  30°C. 


Reactant/Product 

Amount  (nmol) 

Molar  ratio  per 
mole  of  reacted 

CL-20 

%  Carbon 

recovery 

%  Nitrogen 
recovery 

Reactants 

CL-20 

25  ±  1.8 

1.0  ±0.07 

100 

100 

NADH 

34  ±2.3 

1.3  ±0.08 

N.A. 

N.A. 

Products 

Nitrite 

45  ±  2.7 

1.8  ±  0.10 

N.A. 

15.0 

Nitrous  oxide 

82  ±  6.4 

3.3  ±0.25 

N.A. 

55.0 

Ammonium 

33  ±2.5 

1.3  ±0.05 

N.A. 

10.8 

Formic  acid 

40  ±3.3 

1.6  ±  0.13 

26.6 

N.A. 

Glyoxal 

25  ±  1.3 

1.0  ±0.05 

33.3 

N.A. 

Total  mass-balance 

59.9 

80.8 

Data  are  mean  ±  standard  errors  (n  =  2). 


Involvement  of  flavin-moiety  (FMN)  in  CL-20  biotransformation.  Nitroreductase,  from 
Escherichia  coli,  is  a  monomeric  protein  with  a  mol.  wt.  of  24  kDa  and  contains  one  molecule  of 
FMN  per  enzyme  monomer  (Parkinson  et  al.,  2000).  The  involvement  of  FMN  in  CL-20 
biotransformation  was  determined  by  assaying  deflavo-  and  reconstituted-form  of  nitroreductase 
against  CL-20.  The  specific  activities  of  the  native-,  deflavo-  and  reconstituted-form  of 
nitroreductase  against  CL-20  were  204  ±  12,  24.0  ±  1.8  and  165  ±  12  nmol  h  1  mg  of  protein'1, 
respectively,  revealing  that  deflavo-enzyme  lost  about  88  %  of  its  activity  compared  to  the 
native-enzyme.  The  remaining  12  %  activity  observed  in  deflavo-enzyme  was  due  to  incomplete 
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removal  of  FMN  (data  not  shown).  The  reconstituted  enzyme,  prepared  by  reconstitution  of 
deflavo-enzyme  with  FMN,  restored  the  CL-20  biotransformation  activity  up  to  81  %.  The  above 
results  suggested  the  involvement  of  FMN  in  biotransformation  of  CL-20.  Furthermore,  the  free 
FMN  (100  pMj  also  transformed  CL-20  in  the  presence  of  NADH  (200  pM)  at  a  rate  of  10.2  ± 
1.2  nmol  h  ,  however,  the  biotransformation  rate  was  only  5  %  of  the  enzyme-bound-FMN 
present  in  native  nitroreductase.  This  finding  additionally  supported  the  involvement  of  FMN  in 
CL-20  biotransformation  and  also  suggested  that  flavin-moiety  functions  more  efficiently  in 
enzyme-bound  form. 

Conclusion 

In  the  present  study,  we  found  that  nitroreductase  from  Escherichia  coli  catalyzed  a  one- 
electron  transfer  to  CL-20  to  form  a  radical  anion  (CL-20'”)  which  upon  initial  N-denitration 
also  produced  metabolites  la  and  lb  from  Figure  23.  The  latter  decomposed  spontaneously  in 
water  to  produce  nitrous  oxide  (N2O),  ammonium  (NH4+),  glyoxal  (OHC-CHO)  and  formic  acid 
(HCOOH).  The  present  study  provided  the  first  biochemical  evidence  for  the  quantitative 
formation  of  glyoxal  and  HCOOH  during  enzymatic  biotransformation  of  CL-20.  This  study 
supported  the  previous  finding  of  glyoxal  production  during  chemical  degradation  of  CL-20  with 
Fe°  (Balakrishnan  el  al.,  2004a).  In  the  latter  case,  however,  glyoxal  was  further  converted  to 
glycolic  acid  and  other  unidentified  product(s).  Detection  and  quantification  of  glyoxal  provided 
a  better  understanding  of  the  products  and  mass-balance  of  CL-20  reaction  with 
nitroreductase(s)-  or  similar  enzyme(s)-producing  bacteria.  Further  work,  however,  is  required  to 
determine  the  fate  and  impact  of  glyoxal,  a  known  toxic  compound,  in  the  environment. 
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XIV.3  Stereo-specificity  for  pro- (7?)  hydrogen  of  NAD(P)H  during  enzyme- 
catalyzed  hydride  transfer  to  CL-20 

Research  findings  published  in: 

Bhushan  B,  Halasz  A,  Hawari  J.  (2005)  Stereo-specificity  for  pro-(R)  hydrogen  of  NAD(P)H  during 
enzyme-catalyzed  hydride  transfer  to  CL-20.  Biochem  Biopys  Research  Communication  337:  1080-1083. 
A  copy  can  be  found  at  the  end  of  the  report. 


Introduction 

Several  previous  studies  have  shown  that  CL-20  can  be  degraded  by  microorganisms  such  as 
Pseudomonas  sp.  FA1,  Clostridium  sp.  EDB2,  Agrobacterium  sp.  strain  JS71,  and  white-rot 
fungi  (Bhushan  et  al.,  2003a,  2004c;  Trott  et  al.,  2003;  Fournier  et  al.,  2005),  by  enzymes  e.g. 
monooxygenase,  nitroreductase,  and  dehydrogenase  (Bhushan  et  al.,  2004a, b,  2005a),  and  by 
indigenous  degraders  present  in  soils  and  sediments  (Szecsody  et  al.,  2004;  Strigul  et  al.,  2005). 
However,  none  of  these  reports  has  emphasized  on  the  mechanism  of  hydride-transfer  to  CL-20. 
Previously,  a  DT-diaphorase  from  rat  liver  catalyzed  a  hydride  transfer  from  NADPH  to  a 
nitramine  compound,  2,4,6-trinitrophenyl-N-methylnitramine  (Tetryl),  to  produce  a  corresponding 
N-denitrohydrogenated  product  (Anusevicius  et  al.,  1998).  In  another  report,  a  diaphorase  from 
Clostridium  kluyveri  catalyzed  a  hydride  transfer  to  a  cyclic  nitramine  compound,  RDX,  followed 
by  N-denitration  (Bhushan  et  al.,  2002).  Based  on  the  stoichiometry  of  NADH  consumed  per 
reacted  RDX  molecule,  Bhushan  et  al.  (2002)  proposed  the  formation  of  a  corresponding  N- 
denitrohydrogenated  product.  The  latter,  however,  could  not  be  detected  probably  due  to  its  very 
short  half-life.  More  recently,  a  dehydrogenase  enzyme  from  Clostridium  sp.  EDB2  degraded  CL- 
20  via  the  formation  of  the  N-denitrohydrogenated  product  (Bhushan  et  al.,  2005a).  None  of  the 
above  studies  elaborated  on  the  enzyme’s  stereo-specificity  for  either  pro-/?  or  pro-5  hydrogens  of 
NADH. 

In  the  present  study,  we  employed  two  enzymes,  a  dehydrogenase  from  Clostridium  sp.  EDB2, 
and  a  diaphorase  from  Clostridium  kluyveri,  to  study  the  enzyme-catalyzed  hydride  transfer  to  CL- 
20,  and  to  gain  insights  into  the  enzyme’s  stereo-specificity  for  either  pro-/?  or  pro-5  hydrogens  of 
NAD(P)H.  We  used  LC-MS  (ES-)  to  detect  a  mass-shift  in  the  N-denitrohydrogenated  product 
following  CL-20  reactions  with  NAD(P)H  and  NAD(P)D  as  a  hydride-source.  Hydrogen- 
deuterium  exchange  between  the  ND-group  of  N-denitrohydrogenated  product  and  the  water  was 
also  examined  during  the  reaction. 

Materials  and  Methods 

Enzymes  preparation.  NAD+,  NADP+,  ATP,  2-propanol-<78,  ethanol-<75,  alcohol  dehydrogenase, 
D-glucose-Jl,  glucose-6-phosphate  dehydrogenase,  and  hexokinase  were  purchased  from  Sigma- 
Aldrich  chemicals,  Oakville,  ON,  Canada.  All  other  chemicals  were  of  the  highest  purity  grade. 

A  dehydrogenase  enzyme  was  isolated  and  purified  from  Clostridium  sp.  EDB2  as  described 
before  (Bhushan  et  al.,  2005a).  A  diaphorase  (EC  1.8. 1.4)  from  Clostridium  kluyveri  was 
obtained  as  a  lyophilized  powder  from  Sigma  chemicals,  Oakville,  ON,  Canada.  The  enzyme  was 
suspended  in  50  mM  potassium  phosphate  buffer  (pH  7.0)  and  filtered  through  a  Biomax-5K 
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membrane  filter  (Sigma  chemicals)  before  resuspending  into  the  same  buffer.  The  native  enzyme 
activity  of  diaphorase  was  estimated  spectrophotometrically  at  340  nm  (as  per  company 
guidelines)  as  the  rate  of  oxidation  of  NADH  using  2,6-dichlorophenol-indophenol  as  an  electron 
acceptor. 

Synthesis  of  deuterated  and  non-deuterated  pyridine  nucleotides.  (R)NADD  was  synthesized 
by  the  method  described  by  Ganzhorn  and  Plapp  (Ganzhorn  et  al.,  1988)  with  some 
modifications.  A  total  of  25  mM  of  NAD+,  200  mM  of  ethanol-<75,  and  75  units  of  alcohol 
dehydrogenase  were  dissolved  in  5  mL  of  50  mM  Tris-buffer,  pH  9.0.  The  reaction  was  allowed 
to  proceed  at  37°C,  and  the  formation  of  (R)NADD  was  monitored  by  following  the  increase  in 
absorbance  at  340  nm.  When  no  further  increase  in  the  OD340  was  observed,  the  enzyme  was 
separated  from  the  reaction  mixture  using  10  kDa  molecular  weight  cutoff  filter  (Centriprep 
YM10,  Amicon  Bioseparations,  Bedford,  MA). 

(S)NADD  was  synthesized  by  the  modified  method  described  by  Sucharitakul  et  al.  (2005). 
The  reaction  mixture  was  composed  of:  25  mM  NAD+,  35  mM  of  D-glucose-Jl,  80  mM  ATP,  75 
units  each  of  hexokinase  and  glucose-6-phosphate  dehydrogenase  in  4  mL  of  100  mM 
phosphate -buffer  at  pH  8.0.  The  reaction  was  allowed  to  proceed  at  room  temperature  until  a 
maximum  absorbance  was  achieved  at  340  nm.  Enzymes  were  removed  with  5  kDa  molecular 
weight  cutoff  filter.  For  proper  controls,  non-deuterated  (S)NADH  and  (R)NADH  were  also 
synthesized  by  utilizing  the  non-deuterated  components,  and  by  using  the  identical  procedures 
that  were  used  for  (S)NADD  and  (R)NADD,  respectively. 

Furthermore,  (AjNADPD  and  (S)NADPD  were  synthesized  by  the  methods  described  by 
Pollock  and  Barber  (2001).  Non-deuterated  (S)NADPH  and  (R)NADPH  were  also  synthesized  by 
utilizing  the  non-deuterated  components,  and  by  using  the  identical  procedures  that  were  used  for 
(S)NADPD  and  (AjNADPD,  respectively. 

Biotransformation  assays.  Enzyme  catalyzed  biotransformation  assays  were  performed  under 
anaerobic  conditions  in  6  ml  glass  vials.  Anaerobic  conditions  were  created  by  purging  the 
reaction  mixture  with  argon  gas  for  20  min  in  sealed  vials.  Each  assay  vial  contained,  in  one  ml 
of  assay  mixture,  CL-20  (25  pM  or  1 1  mg  liter  1 ),  NADH(D)  or  NADPH(D)  (200  pM),  enzyme 
preparation  (250  pg)  and  potassium  phosphate  buffer  (50  mM,  pH  7.0).  Reactions  were 
performed  at  30°C.  Three  different  controls  were  prepared  by  omitting  either  enzyme,  CL-20,  or 
NAD(P)H(D)  from  the  assay  mixture.  Heat-inactivated  enzyme  was  also  used  as  a  negative 
control.  NAD(P)H(D)  oxidation  was  measured  spectrophotometrically  at  340  nm  as  described 
before  (Bhushan  et  al.,  2002).  Samples  from  the  liquid  phase  in  the  reaction  vials  were  analyzed 
periodically  for  the  residual  CL-20,  and  the  N-denitrohydrogenated  product. 

For  enzyme  kinetics,  enzyme  and  CL-20  reactions  were  performed  at  increasing  CL-20 
concentrations  in  the  presence  of  NADH(D)  in  case  of  dehydrogenase,  and  NADPH(D)  in  case  of 
diaphorase.  The  data  thus  obtained  were  used  to  generate  standard  Lineweaver-Burk  plots 
(Double  reciprocal  plots). 

Analytical  techniques.  CL-20  was  analyzed  with  a  LC-MS  using  a  negative  electro-spray 
ionization  mode  (ES-)  to  produce  deprotonated  molecular  mass  ion  as  described  previously 
(Bhushan  et  al.,  2005a;  Hawari  et  al.,  2004;  Balakrishnan  et  al.,  2004a).  Whereas,  N- 
denitrohydrogenated  product  was  detected,  with  a  LC-MS,  as  an  [M+TFA]"  adduct  at  m/z  506  Da 
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following  addition  of  trifluoroacetic  acid  (TFA)  in  the  mobile  phase.  Protein  concentrations  were 
estimated  by  bicinchoninic  acid  (BCA)  kit  (Pierce  Chemicals,  Rockford,  IL)  using  bovine  serum 
albumin  as  standard. 

Accomplishments 

Two  purified  enzymes,  a  dehydrogenase  from  Clostridium  sp.  EDB2  and  a  diaphorase  from 
Clostridium  kluyveri,  biotransformed  CL-20  (I)  at  rates  of  18.5  and  24  nmol/h/mg  protein,  using 
NADH  and  NADPH  as  a  hydride-source,  respectively,  to  produce  a  denitrohydrogenated  product 
(II)  (Fig.  45  and  46).  The  latter  had  a  HPLC -retention  time  and  a  molecular  mass  of  1 1.8  minute 
and  393  Da  (detected  as  [M+TFA]"  adduct  mass  at  m/z  506  Da),  respectively.  Product  II  was 
produced  as  a  result  of  an  obligate  transfer  of  a  hydride  ion  at  N-NCL  group  of  CL-20  with 
concomitant  release  of  a  nitro-group  (Fig.  46).  The  product  II,  as  reported  in  our  previous  study, 
was  unstable  in  water,  and  therefore  readily  decomposed  to  finally  produce  NCL",  NoO,  and 
HCOOH  (Bhushan  et  al.,  2005a).  Product  II  was  previously  detected  during  photolysis,  and 
Fe(0)-mediated  degradation  of  CL-20  however  in  these  reactions  NAD(P)H  was  not  used  as 
reducing  agent  (Hawari  et  al .,  2004;  Balakrishnan  et  al.,  2004a).  On  the  contrary,  in  enzyme 
catalyzed  reduction  reactions,  the  reduced  pyridine  nucleotides  such  as  NADH  or  NADPH 
mainly  serve  as  the  source  of  hydride  (Ganzhom  and  Plapp,  1988;  Sucharirakul  et  al.,  2005; 
Pollock  et  al.,  2001;  You,  1982). 

To  understand  the  stereo-specific  effect  of  pro-5  and  pro-5  hydrogens  on  hydride  transfer 
reactions,  both  enzymes,  dehydrogenase  and  diaphorase,  were  reacted  with  CL-20  in  the  presence 
of  either  deuterated  or  non-deuterated  reduced  pyridine  nucleotides.  In  case  of  dehydrogenase 
enzyme,  when  Lineweaver-Burk  plots  of  (5)NADD  and  (5)NADD  were  compared  with  NADH, 
we  found  a  2-fold  deuterium  isotopic  effect  with  (5)NADD  (i.e.  Vmax  was  2-fold  less  with 
(5)NADD)  compared  to  NADH,  whereas  results  with  (5)NADD  were  similar  to  those  of  NADH 
(Fig.  47 A).  This  study  revealed  that  dehydrogenase  stereo-specifically  utilized  pro-(5)-hydride  of 
NADH  for  CL-20  reduction,  and  that  the  isotope  effect  is  due  to  the  cleavage  of  (45)-deuterium- 
carbon  bond  in  NADH. 

Furthermore,  in  case  of  diaphorase,  when  Lineweaver-Burk  plots  of  (5)NADPD  and 
(5)NADPD  were  compared  with  NADPH,  we  found  a  1. 5-fold  deuterium  isotopic  effect  with 
(5)NADPD  compared  to  NADPH,  whereas  results  with  (5)NADPD  were  closely  identical  to 
those  obtained  with  NADPH  (Fig.  47B).  This  study  showed  that  diaphorase  stereo-specifically 
transferred  a  pro-(5)-hydride  of  NADPH  to  CL-20  in  order  to  produce  denitrohydrogenated 
product  II,  and  that  the  isotope  effect  is  due  to  the  cleavage  of  (45)-deuterium-carbon  bond  in 
NADPH. 

In  order  to  confirm  the  presence  of  hydride,  from  NAD(P)H,  in  product  II  (MW  393  Da),  we 
performed  enzymatic  reactions  with  CL-20  in  the  presence  of  either  NADD  or  NADPD 
containing  deuterated  pro-5  or  deuterated  pro-5  hydrogens.  In  a  comparative  study  with  LC-MS, 
using  dehydrogenase,  we  found  a  positive  mass-shift  of  1  Da  in  product  II  using  (5)NADD 
compared  to  either  NADH  or  (5)NADD  suggesting  the  involvement  of  a  deuteride  (D‘)  transfer 
from  (5)NADD.  Surprisingly,  the  mass  signal,  corresponding  to  mono-deuterated  product  II  with 
MW  394  Da  (detected  as  [M+TFA]  adduct  mass  at  m/z  507  Da),  rapidly  decreased  with  time 
with  a  concomitant  increase  in  the  non-deuterated  mass  signal  corresponding  to  MW  393  Da 
(detected  as  [M+TFA]  adduct  mass  at  m/z  506  Da)  (Table  17).  Similar  results  were  obtained 
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when  diaphorase  was  reacted  with  CL-20  in  the  presence  of  (7?)NADPD  (data  not  shown).  The 
above  experimental  evidence  suggested  that  the  deuterium  at  ND-group  of  the  product  II  might 
be  labile,  and  therefore  we  detected  a  rapid  exchange  of  D  <->  H  between  ND-group  and  water 
(Fig.  46)  as  marked  by  the  rapidly  decreased  mass  signal  of  mono-deuterated  product  II  during 
the  course  of  reaction  (Table  17). 


Table  17  Time-course  of  H<->D  exchange  between  ND-group  of  N-denitrohydrogenated  product  and 
water  as  followed  with  a  LC-MS  during  dehydrogenase  catalyzed  hydride  transfer  from  (R)NADD  to  CL- 


20. 


Reaction  time  (minute) 

Mass  signal  intensity  of 
N-denitrohydrogenated  product 

Non-deuterated 

[m,7+tfa+]- 

m/z  506  Da 

Deuterated 
[Mfc6,</1+TFA] 
m/z  507  Da 

Control* 

216211 

0 

0 

0 

0 

5 

74759 

2440 

10 

104799 

578 

20 

120673 

342 

1  Molecular  mass  of  N-denitrohydrogenated  product  of  CL-20  as  an  adduct  with  TFA  (trifluoroacetic  acid).  *CL-20 
was  reacted  with  dehydrogenase  in  the  presence  of  NADH  for  20  minutes. 


Several  enzymes  have  previously  been  reported  to  be  stereo-specific  towards  either  ( R )-  or 
(S)-hydrogens  of  NAD(P)H  for  a  hydride  transfer  to  a  variety  of  substrates  (Ganzhom  and  Plapp, 
1988;  Sucharirakul  et  al.,  2005;  Pollock  et  al.,  2001;  You,  1982).  However,  the  present  study  is 
the  first  one  that  showed  stereo-specificity  of  two  enzymes,  dehydrogenase  and  diaphorase  from 
Clostridium  species,  toward  (i?) -hydrogens  of  NAD(P)H  for  a  hydride  transfer  to  an 
environmentally  significant  cyclic  nitramine  compound,  CL-20.  Taken  together,  the  data 
presented  here  extend  our  fundamental  knowledge  about  the  role  of  enzyme-catalyzed  hydride 
transfer  reactions  in  CL-20  biotransformation. 
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Figure  45  HPLC-UV  chromatogram  of  CL-20  (I)  and  N-denitrohydrogenated  product  (II)  obtained 
during  CL-20  reaction  with  diaphorase  from  Clostridium  kluyveri  at  pH  7.0  and  30°C. 


Further 

Degradation 


Figure  46  Proposed  hydride  transfer  reaction  of  CL-20,  and  possible  hydrogen-deuterium  exchange 
between  ND-group  of  product  II  and  water. 
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Figure  47  Standard  Lineweaver-Burk  plots  of  CL-20  concentration  versus  its  enzymatic 
biotransformation  rate;  A,  plots  using  dehydrogenase  enzyme  from  Clostridium  sp.  EDB2  in  the  presence 
of  either  NADH  (o),  (S)NADD  (▼),  or  (A)NADD  (•);  B,  plots  using  diaphorase  enzyme  from 
Clostridium  kluyveri  in  the  presence  of  either  NADPH  (o),  (S)NADPD  (T)  or  (A’)NADPD  (•).  Data  are 
mean  of  the  triplicate  experiments,  and  the  standard  deviations  were  within  8  %  of  the  mean  values. 
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XV  Aquatic  toxicity  studies 


The  work  performed  under  this  milestone  was  published  in  2004. 

Gong  P,  Suncihara  GI,  Rocheleau  S,  Dodard  SG,  Robidoux  PY,  Hawari,  J.  (2004)  Preliminary 
Ecotoxicological  Characterization  of  a  New  Energetic  Substance,  CL-20.  Chemosphere  56:653-658. 

For  further  details,  the  paper  is  attached  in  annex  at  the  end  of  the  report. 

Abstract 

CL-20  (£-polymorph)  was  amended  to  soil  or  deionized  water  to  construct  concentration 
gradients  and  to  test  its  toxicities  to  various  ecological  receptors.  Results  of  Microtox  (15-min 
contact)  and  96-h  algae  growth  inhibition  tests  indicate  that  CL-20  showed  no  adverse  effects  on 
the  bioluminescence  of  marine  bacteria  Vibrio  fischeri  and  the  cell  density  of  freshwater  green 
algae  Selenastrum  capricornutum  respectively,  up  to  its  water  solubility  (ca.  3.6  mg  L'1).  CL-20 
and  its  possible  biotransformation  products  did  not  inhibit  seed  germination  and  early  seedling 
(16  -  19  d)  growth  of  alfalfa  ( Mediccigo  sativa )  and  perennial  ryegrass  ( Lolium  perenne )  up  to 
10,000  mg  kg'1  in  a  Sassafras  sandy  loam  soil  (SSL).  Indigenous  soil  microorganisms  in  SSL  and 
a  garden  soil  were  exposed  to  CL-20  for  one  or  two  weeks  before  dehydrogenase  activity  (DHA) 
or  potential  nitrification  activity  (PNA)  were  assayed.  Results  indicate  that  up  to  10,000  mg  kg  1 
soil  of  CL-20  had  no  statistically  significant  effects  on  microbial  communities  measured  as  DHA 
or  on  the  ammonium  oxidizing  bacteria  determined  as  PNA  in  both  soils.  Data  indicates  that  CL- 
20  was  not  acutely  toxic  to  the  species  or  microbial  communities  tested  and  that  further  studies 
are  required  to  address  the  potential  long-term  environmental  impact  of  CL-20  and  its  possible 
degradation  products. 
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XVI  Terrestrial  toxicity  studies 


XVI.l  Higher  plant  toxicity  tests 

The  work  performed  under  this  milestone  was  published  in  2004  together  with  the  aquatic 
toxicity  studies.  See  Section  XV  for  the  abstract  of  the  paper. 

Gong,  P,  Sunahara,  GI,  Rocheleau,  S,  Dodard,  SG,  Robidoux,  PY,  and  Hawari,  J.  (2004)  Preliminary 
Ecotoxicological  Characterization  of  a  New  Energetic  Substance,  CL-20.  Chemosphere  56:653-658. 


XVI.2  Earthworm  survival  and  reproduction  tests 

The  work  performed  under  this  milestone  was  published  in  2004. 

Robidoux  PY,  Sunahara  GI,  Savarcl  K,  Berthelot  Y,  Leduc  F,  Dodard  S,  Martel  M,  Gong  P,  Hawari  J. 
(2004)  Acute  and  chronic  toxicity  of  the  new  explosive  CL-20  in  the  earthworm  (Eisenia  andrei)  exposed 
to  amended  natural  soils.  Environ  Toxicol  Chem.  23:1026-1034. 

For  further  details,  the  paper  is  attached  in  annex  at  the  end  of  the  report. 

Abstract 

Monocyclic  nitramine  explosives  RDX  and  HMX  are  known  to  be  toxic  to  a  number  of 
ecological  receptors  including  earthworms.  The  polycyclic  nitramine  CL-20  being  a  powerful 
explosive  may  replace  RDX  and  HMX,  but  its  toxicity  is  not  known.  In  the  present  study,  the 
lethal  and  sublethal  toxicities  of  CL-20  to  the  earthworm  (Eisenia  andrei)  were  evaluated.  Two 
natural  soils,  a  natural  sandy  forest  soil  (designated  RacFor2002)  taken  in  the  Montreal  area  (QC, 
Canada;  20%  organic  carbon,  pH  7.2)  and  a  Sassafras  sandy  loam  soil  (SSL)  taken  on  the 
property  of  US  Army  Aberdeen  Proving  Ground  (Edgewood,  MD;  0.33  %  organic  carbon,  pH 
5.1)  were  used  in  this  study.  Results  showed  that  CL-20  was  not  lethal  at  concentrations  <125 
mg  CL-20/  kg  in  the  RacFor2002  soil,  but  lethal  at  concentrations  >  90.7  mg  CL-20/  kg  in  the 
SSL  soil.  Effects  on  the  reproduction  parameters,  such  as  a  decrease  in  the  number  of  juveniles 
after  56  days  of  exposure,  were  observed  at  the  initial  concentration  >1.6  mg  CL-20/  kg  in  the 
RacFor2002  soil  compared  to  >  0.2  mg  CL-20/  kg  in  the  SSL  soil.  Moreover,  low  concentrations 
of  CL-20  in  SSL  soil  (ca.  0.1  mg  CL-20/  kg;  nominal  concentration)  were  found  to  reduce  the 
fertility  of  earthworms.  Taken  together,  this  study  shows  that  CL-20  is  reproductive  toxicant  to 
the  earthworm,  with  lethal  effects  at  higher  concentrations.  Its  toxicity  can  be  decreased  in  soils 
favoring  CL-20  adsorption  (high  organic  carbon  content). 


Ill 


XVI.3  Enchytraeid  survival  and  reproduction  tests 


Research  under  this  task  is  published  in: 

Dodcird  S.  G.,  G.  I.  Sunahara,  M.  Sarrazin,  P.  Gong,  R.G.  Kuperman,  G.  Ampleman,  S.  Thiboutot,  and  J. 
Hawari  (2005)  Survival  and  reproduction  of  enchytraeid  worms  (Oligochcieta)  in  different  soil  types 
amended  with  cyclic  nitramine  explosives.  Environmental  Toxicology  and  Chemistry.  24(10):  2579-2587 


Introduction 

Wide  use  of  CL-20  could  cause  hazardous  environmental  effects.  Limited  information  is 
available  on  the  effects  of  CL-20  on  soil  microorganisms,  terrestrial  plants  and  aquatic  biota 
(Gong  et  al.,  2004).  Recently,  Robidoux  et  cd.  (2004)  found  that  CL-20  significantly  decreased 
adult  earthworm  Eisenia  andrei  survival  at  90.7  mg  kg  1  soil  and  juvenile  production  at  0.01  mg 
kg'1  soil  (nominal  concentration),  but  there  is  no  published  information  available  on  the  effects  of 
CL-20  on  enchytraeids.  More  information  is  presently  necessary  to  predict  the  ecotoxicological 
impact  of  CL-20  in  the  terrestrial  environment.  Enchytraeid  worms  have  been  increasingly  used 
in  ecotoxicological  studies  because  they  are  sensitive  to  many  chemicals,  including  trace  metals, 
organics  and  some  energetic  materials  (Posthuma  et  cd.,  1997;  Puurtinen  and  Martikainen,  1997; 
Collado  et  cd.,  1999;  Schafer  and  Achazi,  1999;  Dodard  et  cd.,  2003,  2004;  Kuperman  et  cd., 
1999,  2004a,  b). 

To  improve  our  understanding  of  ecotoxicity  of  CL-20  and  to  generate  ecotoxicological 
data  that  can  be  used  in  the  ecological  risk  assessments  in  case  of  its  accidental  release,  the 
objectives  of  the  present  study  were  to  characterize  the  lethal  and  sublethal  effects  of  CL-20  on 
enchytraeids  in  three  different  freshly  amended  soil  types.  Due  to  the  presence  of  the  same 
characteristic  N-NCL  groups  in  RDX,  HMX  and  CL-20,  we  thought  that  similar  effects  could  be 
observed  on  soil  invertebrates  such  as  enchytraeids.  Assessments  of  RDX  or  HMX  toxicity  for 
the  same  enchytraeid  species  were  conducted  in  parallel  with  the  CL-20  studies  to  enable  direct 
comparisons  of  ecotoxicological  data  determined  under  similar  experimental  conditions. 

Material  and  Methods 

Chemicals  and  reagents.  CL-20  was  obtained  from  ATK  Thiokol  Propulsion  (Brigham  City, 
UT).  RDX  and  HMX  were  obtained  from  Produits  Chimiques  Expro  (Valleyfield,  QC,  Canada). 
All  energetic  compounds  used  were  >  99%  pure.  All  other  chemicals,  including  carbendazim 
(methyl  benzimidazol-2-yl  carbamate;  CAS  10605-21-7),  were  of  ACS  reagent  grade  or  higher, 
and  were  obtained  from  either  BDH  (Toronto,  Ontario,  Canada)  or  Aldrich  Chemical 
(Milwaukee,  WI,  USA).  Deionized  water  (ASTM  Type  I)  was  obtained  using  a  Millipore  Super- 
Q  water  purification  system  (Nepean,  ON,  Canada)  and  was  used  throughout  this  study.  All 
glassware  was  washed  with  phosphate-free  detergent,  rinsed  with  acetone,  and  acid-washed 
before  a  final  and  thorough  rinse  with  deionized  water. 


Preparation  of  test  soils.  The  soils  used  for  this  study  were  Sassafras  sandy  loam  (SSL;  Fine- 
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loamy,  siliceous),  an  agricultural  soil  (RacAg2002;  Fine-sandy,  composite)  and  a  50:50  mixture 
of  forest  and  agricultural  soils  (Rac50-50;  Fine-sandy,  composite).  The  SSL  soil  was  collected 
from  uncontaminated  open  grassland  on  the  property  of  Aberdeen  Proving  Ground  (APG,  MD, 
USA).  The  RacAg2002  and  Rac50-50  were  obtained  from  a  local  supplier  (Racicot, 
Boucherville,  QC,  Canada).  The  soil  was  sieved  through  a  5-mm  mesh  screen,  air-dried  for  at 
least  72  h,  passed  through  a  2-mm  sieve,  and  stored  at  room  temperature  until  use.  The  pH  of  the 
soils  was  measured  before  and  after  each  test,  using  the  CaCL  method  (ISO/10390,  1994).  The 
soil  moisture  content  and  water  holding  capacity  were  measured  according  to  the  enchytraeid 
reproduction  test  guidelines  (ISO/16387,  2001).  Selected  soil  properties  are  summarized  in  Table 
18. 


Table  18  Physical  and  chemical  characteristics  of  soil  used  in  the  study. 


Parameters 

SSL  a 

RacAg2002 

Rac50-50 

pH 

5.5 

8.2 

7.9 

Water  Holding  Capacity  (%,  v  w'1) 

21 

320 

93 

CEC  b  (cmol  kg'1) 

5.5 

69.6 

20.3 

Organic  matter  (%,  w  w'1) 

0.33 

42 

23 

Texture  c 

Sand,  50  -  2000  pm 

71 

90 

87 

Silt,  2-50  pm 

18 

9 

11 

Clay,  <  2  pm 

11 

1 

2 

a  Soils  used:  SSL,  Sassafras  sandy  loam;  RacAg2002,  agricultural  soil;  Rac50-50,  composite  mixture  of  forest  and 
agricultural  soils.  b  CEC  =  cation  exchange  capacity.  c  Values  are  expressed  as  %  (w  w'1),  and  include  organic 
matter  contents. 


Different  dilutions  of  test  compound  were  prepared  separately  using  10  mL  of  stock 
solutions  of  RDX,  HMX  or  CL-20  in  acetone,  and  were  added  separately  to  individual  400-g 
batches  of  air-dried  soils  to  obtain  nominal  concentrations  (mg  kg'1,  dry  soil  mass)  ranging  from 
175  to  700  for  RDX,  200  to  1000  for  HMX,  and  0.001  to  10  for  CL-20.  Solvent  controls  for  soil 
treatments  were  amended  with  acetone  only  (1%,  v  w'1).  All  soil  samples  were  left  for  at  least  16 
h  in  a  darkened  chemical  hood  to  allow  the  evaporation  of  the  solvent  vehicle  (1%,  v  w'1).  Final 
concentrations  of  CL-20  in  all  soils  were  confirmed  by  HPLC  after  24-h  equilibration,  and  were: 
0,  0.001,  0.050,  0.10,  0.50,  2.98,  and  9.79  mg  kg'1  for  SSL;  and  0,  0.001,  0.01,  0.05,  0.10,  0.50, 
and  1.0  mg  kg  1  for  both  RacAg2002  or  Rac50-50.  Selection  of  RDX  and  HMX  concentrations  in 
soil  used  in  the  present  experiments  were  based  on  earlier  studies  (Phillips  et  al.,  1993;  Jarvis  et 
al.,  1998;  Schafer  and  Achazi,  1999;  Robidoux  et  al.,  1999,  2000;  Simini  et  al.,  2004).  The  soil 
samples  were  stored  at  4°C  until  further  analyses.  All  samples  were  prepared  in  triplicate  and 
were  analyzed  within  one  week. 


Culturing  and  handling  of  test  species.  Laboratory  cultures  of  Enchytraeus  albidus  Henle 
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(1837)  and  Enchytraeus  crypticus  were  originally  provided  by  Dr.  J.  Rombke  (Frankfurt, 
Germany)  and  the  U.S.  Army  Edgewood  Chemical  Biological  Center  (APG,  MD,  USA), 
respectively.  Enchytraeids  were  cultured  separately  in  a  mixture  (1:1,  w  w’1)  of  garden  soil 
(designated  GS1)  and  OECD  Standard  Artificial  Soil  (OECD,  1984a)  adjusted  to  60%  water 
holding  capacity,  according  to  Rombke  and  Moser  (1999).  GS1  was  a  sandy  loam  soil  that  was 
passed  through  a  2  mm  sieve,  and  consisted  of  70%  sand,  7%  clay,  and  23%  silt,  with  a  pH  of 
6.9,  water  holding  capacity  of  76%,  total  organic  carbon  of  11.2%  and  Kjeldahl  N  (K-N)  of 
0.38%.  The  OECD  artificial  soil  had  the  following  constituents,  70  %  sand,  20  %  kaolin  clay  and 
10  %  of  grounded  peat,  and  pH  was  adjusted  to  6.0  +  0.5  °C  with  CaCOs.  The  potworms  were 
fed  once  a  week  with  commercially  available  oats  (Pablum  Oat  cereal,  H.J.  Heinz  Company  of 
Canada,  North  York,  Ontario,  Canada).  Mature  E.  cilbidus  with  visible  eggs  in  the  clitellum 
region  were  acclimated  in  RacAg2002,  SSL  or  Rac50-50  soils  for  24  h  before  testing.  Cultures  of 
E.  crypticus  were  maintained  in  the  test  soils  for  2-3  months  prior  to  testing;  therefore,  no 
acclimating  was  required. 

Enchytraeid  Reproduction  and  Survival  Test.  The  Enchytraeid  Reproduction  and  Survival  Test 
(ERST)  used  in  the  present  study  were  adapted  from  the  ISO  bioassay  ISO/16387  (ISO,  2001). 
Briefly,  20  g  dry  weight  of  each  soil  type  was  placed  into  separate  200-mL  glass  jars,  and  was 
hydrated  to  85-100%  of  their  respective  water  holding  capacity.  After  the  24-h  equilibration 
period,  each  jar  received  different  amounts  (depending  on  the  species)  of  lyophilized  oats  that 
was  mixed  into  the  soil.  E.  albidus  and  E.  crypticus  were  fed  with  40  and  50  mg  of  oats, 
respectively.  Ten  acclimated  enchytraeids  were  then  added  to  each  test  container.  Each  toxicity 
test  was  appropriately  replicated  (n  =  3)  and  included  negative  (no  chemicals  added,  n  =  3), 
carrier  (acetone,  n  =  3),  and  positive  (reference  toxicant,  n  =  3)  controls.  Each  jar  was  covered 
with  a  glass  Petri  dish  to  prevent  moisture  loss  during  the  incubation  period.  All  containers  were 
placed  in  an  environment-controlled  incubator  at  20°C  and  16:8  h  (light:  dark  period).  The 
containers  were  weighed  once  a  week  and  the  weight  loss  was  replenished  with  the  appropriate 
amount  of  water.  Lyophilized  oats  (20  mg  for  E.  albidus  and  50  mg  for  E.  crypticus)  were  added 
weekly  to  each  test  container.  Adult  survival  was  assessed  on  day  21  of  the  tests  for  E.  albidus , 
and  on  day  14  for  E.  crypticus.  All  surviving  adults  were  removed  from  the  soil  and  were 
counted.  The  soil  (containing  cocoons  and  juveniles)  was  then  returned  to  the  same  test 
container,  and  the  soil  moisture  was  re-adjusted  to  60%  water  holding  capacity,  before  incubation 
for  an  additional  21  d  for  E.  albidus,  and  14  d  for  E.  crypticus.  Juvenile  production  by  both 
species  was  assessed  by  counting  the  number  of  hatched  juveniles  on  day  42  (E.  albidus)  or  day 
28  (E.  crypticus)  of  the  test.  For  this,  5  mL  of  95%  ethanol  was  added  to  each  soil  sample  as  a 
preservative,  and  approximately  250  (iL  of  Bengal  Rose  biological  stain  (1%  solution  in  ethanol) 
was  also  added  to  each  container.  Water  was  added  into  each  container  at  the  soil  level  followed 
by  30%  AM-30  Ludox  colloidal  silica  (Sigma- Aldrich  Canada,  Oakville)  in  order  to  have  a  depth 
of  1  to  2  cm  of  liquid  above  the  soil.  Ludox  allowed  soil  particles  to  stay  at  the  bottom  while 
enchytraeids  float;  this  method  for  extracting  enchytraeids  from  soil  is  rapid  and  highly  efficient 
(Phillips  and  Kuperman,  1999). 


Quality  control.  Carbendazim  (methyl  benzimidazol-2-yl  carbamate;  CAS  10605-21-7)  was  used 
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as  the  reference  toxicant  (positive  control)  in  SSL  soil  for  E.  crypticus ,  and  OECD  Standard 
Artificial  soil  for  both  E.  crypticus  and  E.  cilbidus.  Nominal  carbendazim  concentrations  tested 
were  10,  25,  50,  75,  and  100  mg  kg'1  soil  for  E.  crypticus,  and  1.0,  2.5,  5.0,  10.0,  and  50  mg  kg'1 
soil  for  E.  albidus.  Validity  criteria  for  the  positive  controls  were  based  on  in-house  control  data 
and  published  reports  (Dodard  el  al.,  2003).  The  test  validity  criteria  for  negative  controls 
included  80%  or  higher  adult  potworms  survival,  an  average  of  25  or  higher  for  number  of 
juveniles  produced,  and  a  coefficient  of  variation  of  50%  or  less  (ISO,  2001). 

All  definitive  tests  with  E.  crypticus,  and  with  E.  albidus  in  Rac50-50  soil  complied  with 
the  validity  criteria  of  the  ISO/16387  guideline.  The  EC50  value  for  juvenile  production  by  E. 
albidus  in  the  positive  control  (carbendazim)  using  OECD  standard  soil  was  1.6  mg  kg  1  and  was 
consistent  with  Rombke  and  Moser  (1999).  The  EC50  value  for  juvenile  production  by  E. 
crypticus  were  44  mg  kg  1  in  OECD  standard  soil  and  8.5  mg  kg"1  in  SSL  soil,  and  were  within 
the  baseline  values  established  for  our  laboratory  culture  of  E.  crypticus.  Mean  adult  survival  in 
negative  controls  ranged  from  84  to  97%  in  tests  with  E.  crypticus,  and  was  99%  in  test  with  E. 
cdbidus.  Mean  number  of  juveniles  produced  by  E.  crypticus  in  negative  controls  ranged  from 
117  to  856,  and  was  45  for  E.  albidus  in  Rac50-50  soil.  The  coefficients  of  variation  in  all  tests 
ranged  from  10.1  to  29.8  percent.  It  should  be  noted  that  the  reproduction  of  E.  cdbidus  was  not 
supported  in  SSL  and  RacAg2002  soils  that  had  properties  (pH  and  organic  matter  content) 
outside  optimal  requirements  for  this  species  (Rombke  and  Moser,  1999).  Accordingly,  data  for 
CL-20  toxicity  for  E.  cdbidus  in  EM-amended  SSL  should  be  used  with  caution. 

Chemical  analysis  of  cyclic  nitramines.  Acetonitrile  extractions  of  RDX,  HMX  or  CL-20  from 
amended  soils  were  performed  according  to  USEPA  Method  8330A  (USEPA,  1998).  For  each 
treatment  group,  2-g  soil  samples  were  weighed  in  triplicate  into  separate  50-mL  screw-top  glass 
test  tubes,  10  mL  acetonitrile  was  added  and  the  samples  were  vortexed  for  1  min,  before 
sonication  at  60  KHz  in  the  dark  for  18  h  at  21°C.  Five  mL  of  sample  was  then  transferred  to  a 
glass  tube,  to  which  5  mL  of  CaCL  solution  (5  g  L1)  was  added.  The  tightly  closed  glass  vial  was 
left  to  precipitate  in  the  dark.  Supernatant  was  filtered  through  a  0.45  pm  membrane  (Millipore). 
The  energetic  chemicals  in  the  soil  extracts  were  analyzed  and  quantified  using  an  HPLC-UV 
system  as  described  elsewhere  (Robidoux  et  al.,  2002,  2004).  The  limit  of  detection  of  the 
energetic  chemicals  in  the  liquid  samples  (|lg  L  ')  was  approximately  50  for  RDX,  100  for  HMX 
and  50  for  CL-20.  Precision  was  >  95%  (standard  deviation  <  2%,  signal  to  noise  ratio  =  10).  The 
limit  of  quantification  in  SSL  soil  was  0.25  mg  kg"1  for  both  RDX  and  CL-20,  and  0.5  mg  kg  1 
for  HMX.  Both  RacAg2002  and  Rac50-50  soils  showed  background  signals  changing  the 
quantification  limit  for  CL-20  to  2.0  and  0.5  mg  kg'1,  respectively.  Therefore,  only  nominal 
values  are  reported  for  all  concentrations  below  2  mg  kg"1. 


Accomplishments 

The  development  of  ecotoxicological  benchmarks  for  energetic  contaminants  in  soil  has 
become  a  critical  need  in  recent  years  (Talmage  et  al.,  1999).  These  benchmarks  are  required  for 
use  in  ecological  risk  assessment  of  contaminated  sites  associated  with  military  operations,  which 
commonly  produce  elevated  levels  of  explosives  in  soil.  Our  toxicity  studies  designed  to  address 
this  need,  used  enchytraeids  an  ecologically  relevant  soil  invertebrate  species  exposed  to  CL-20 
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in  freshly  amended  soil  types  with  contrasting  properties  that  could  affect  its  bioavailability. 
Toxicity  tests  with  RDX  or  HMX  were  also  conducted  to  allow  a  direct  comparison  of  their 
effects  with  CL-20  using  the  same  enchytraeid  species. 

Toxicity  of  CL-20  to  enchytraeid.  Both  adult  survival  and  juvenile  production  by  E.  crypticus 
were  affected  by  exposure  to  soils  initially  spiked  with  CL-20,  within  the  concentration  ranges 
tested  in  definitive  tests  (Figures  48  to  50). 

The  order  of  toxicity  of  CL-20  spiked  soils  (from  greatest  to  least)  for  E.  crypticus  was 
RacAg2002  >  SSL  >  Rac50-50  soils. 


Figure  48  Adult  survival  and  juvenile  production  by  Enchytraeus  crypticus  exposed  to  CL-20  in  freshly 
amended  SSL  soil. 


Figure  49  Adult  survival  and  juvenile  production  by  Enchytraeus  crypticus  exposed  to  CL-20  in  freshly 
amended  RacAg2002  soil. 
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Figure  50  Adult  survival  and  juvenile  production  by  Enchytraeus  crypticus  exposed  to  CL-20  in  freshly 
amended  Rac50-50  soil. 


In  contrast  to  its  effects  on  E.  crypticus ,  CL-20  did  not  adversely  affect  adult  E.  albidus 
survival  in  RacAg2002  soil  at  concentrations  up  to  and  including  1  mg  kg'1.  Toxicity  of  CL-20 
for  adult  survival  of  both  species  was  similar  in  Rac50-50  soil  based  on  NOEC  or  LOEC  values, 
and  was  greater  in  SSL  soil  for  E.  albidus  compared  with  E.  crypticus  (Table  19).  CL-20  caused 
a  concentration-dependent  decrease  in  juvenile  production  by  E.  albidus  in  the  Rac50-50  soil 
(Figure  51,  Table  19)  producing  the  EC20  and  EC50  values,  which  were  not  statistically  different 
(on  the  95%  Cl  basis)  from  those  determined  for  E.  crypticus.  No  concentration-response 
relationships  could  be  ascertained  for  juvenile  production  in  RacAg2002  soils  that  did  not 
support  E.  albidus  reproduction. 

Ecotoxicological  benchmarks  summarized  in  Table  19  show  that  CL-20  in  soil  was 
highly  toxic  to  E.  crypticus  in  the  three  soil  types  tested,  with  LC50  and  EC50  values  ranging 
from  0.1  to  0.7,  and  from  0.08  to  0.62  mg  kg  1  soil,  respectively.  Reproduction  was  a  more 
sensitive  assessment  endpoint  compared  with  adult  mortality  in  all  soil  types  tested  (Table  19). 
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Table  19  Toxicological  benchmarks  (mg  kg'1)  for  CL-20  determined  in  freshly  amended  soils  using  the  Enchytraeid  Survival  and  Reproduction 
Test  with  Enchytraeus  crypticus  and  Enchytraeus  albidus a. 


Adult  Survival 

Juvenile  Production 

Species  /  Soil 

LC20  (95%  Cl) 

LC50  (95%  Cl) 

LOEC 

NOEC 

EC20  (95%  Cl) 

EC50  (95%  Cl) 

LOEC 

NOEC 

E.  crypticus 

SSL 

0.2  (0.06  -  0.35) 

0.4  (0.2 -0.5) 

0.5 

0.1 

0.04  (0.02  -  0.05) 

0.12(0.07-0.16) 

0.05 

0.001 

RacAg2002 

0.003  (0  -  0.02) 

0.1  (0-0.3) 

0.05b 

0.01b 

0.001  (0-0.01) 

0.08  (0  -  0.24) 

0.05 

0.01 

Rac50-50 

0.3  (0.14-0.53) 

0.7  (0.6 -0.9) 

0.5 

0.1 

0.03  (0-0.08) 

0.62  (0.26-0.98) 

0.05b 

0.01b 

E.  albidus 

SSL 

0.006  (0  -  0.02) 

0.2  (0-0.4) 

0.05 

0.001 

ND 

ND 

ND 

ND 

RacAg2002 

>  1.0 

>  1.0 

>  1.0 

1.0 

ND 

ND 

ND 

ND 

Rac50-50 

>0.5 

>0.5 

0.5 

0.1 

0.05  (0-0.13) 

0.19(0.04-0.34) 

0.5b 

0.1b 

a  Mortality  was  tested  on  day  14  for  E.  crypticus ,  and  on  day  21  for  E.  albidus,  by  counting  the  number  of  surviving  adult  enchytraeids. 
Reproduction  was  tested  on  day  28  for  E.  crypticus,  and  on  day  42  for  E.  albidus,  by  counting  the  number  of  juvenile  enchytraeids. 
Soils  used:  SSL,  Sassafras  sandy  loam  soil;  RacAg2002,  agricultural  soil;  Rac50-50,  composite  mixture  of  forest  and  agricultural  soil. 
ND;  Not  determined  because  SSL  and  RacAg2002  soils  do  not  support  the  growth  and  reproduction  of  E.  albidus. 
b  Based  on  Bonferroni  adjusted  comparison  probabilities. 
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Figure  51  Effects  of  CL-20  (nominal  concentrations)  or  RDX  on  juvenile  production  by  Enchytraeus 
albidus  in  freshly  amended  Rac50-50  soil. 


Comparison  of  the  toxic  effects  of  CL-20,  RDX,  and  HMX.  Exposure  of  E.  crypticus 
or  E.  albidus  test  species  to  RDX  or  HMX  in  Rac50-50  soil,  did  not  affect  adult  survival  up  to 
their  respective  highest  concentrations  of  658  and  918  mg  kg  1  (Table  20).  Juvenile  production  by 
either  species  was  unaffected  by  HMX  in  all  treatment  concentrations  tested  in  Rac50-50  soil.  In 
contrast  to  HMX,  exposure  of  E.  albidus  to  RDX  significantly  (p  <  0.05)  decreased  juvenile 
production  at  209  mg  kg'1  (bounded  LOEC)  and  elicited  a  concentration  dependent  response 
producing  the  EC50  value  of  444  mg  kg'1.  Experimentally  determined  toxicological  benchmark 
data  for  the  enchytraeid  worm  E.  albidus  in  Rac50-50  soil  showed  that  contrary  to  our  earlier 
hypothesis  that  CL-20,  RDX,  and  HMX  should  exhibit  similar  toxicities,  the  toxicity  of  CL-20 
was  three  orders  of  magnitude  greater  compared  with  RDX,  with  EC50  values  for  reproduction 
of  0.19  and  444  mg  kg'1,  respectively.  The  difference  in  toxicity  between  these  two  explosives 
was  even  greater  for  E.  crypticus,  which  was  not  affected  by  exposure  to  RDX  up  to  the  highest 
concentration  of  658  mg  kg'1  when  tested  in  Rac50-50  soil.  These  data  agree  with  results  by 
Schafer  and  Achazi  (1999)  who  reported  that  RDX  did  not  affect  E.  crypticus  up  to  1,000  mg  kg’ 
1  in  standard  LUFA  2.2  soil  aged  for  1  month  prior  to  the  exposure.  Studies  by  Kuperman  et  al. 
(2004b)  using  higher  RDX  concentrations  for  E.  crypticus  exposures  in  SSL  soil  (similar  to  that 
used  in  our  studies),  produced  EC50  value  of  51,413  mg  kg'1,  five  orders  of  magnitude  difference 
compared  with  CL-20  effects  on  this  species  determined  in  our  study  (EC50  of  0.12  mg  kg'1). 

The  greatest  contrast  in  CL-20  toxicity  for  both  enchytraeid  species  was  observed  using 
HMX.  This  explosive  did  not  adversely  affect  either  adult  survival  or  reproduction  up  to  918  mg 
kg'1.  These  results  are  consistent  with  findings  by  Kuperman  et  al.  (2004b),  who  reported  no 
adverse  effects  of  HMX  on  E.  crypticus  in  freshly  amended  SSL  soil  up  to  21,750  mg  kg'1.  Based 
on  the  results  of  our  present  studies  and  those  reported  in  the  reviewed  literature,  the  order  of 
toxicity  of  cyclic  nitramine  explosives  to  enchytraeids  in  freshly  amended  soils  is  (from  greatest 
to  least)  CL-20  >  RDX  >  HMX. 
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Table  20  Effects  of  RDX  or  HMX  on  adult  survival  and  juvenile  production  (means  ±  standard  deviation)  by  two  enchytraeid  species  in  a  freshly 
amended  composite  soil  Rac50-50. 


Test  Groups 

Adult  survival 

Number  of  juveniles  produced 

Concentrations  (mg  kg"1) a 

E.  albiclus 

E.  crypticus 

E.  albiclus 

E.  crypticus 

Negative  control 

0 

9.3  ±0.6 

9.7  ±0.6 

83  ±7 

622  ±  50 

Solvent  control 

0 

10.0  ±0.0 

10.0  ±0.0 

92  ±  17 

569  ±  85 

RDX 

174 

9.0  ±  1.0 

9.3  ±0.6 

90  ±  16 

512  ±  81 

209 

10.0  ±0.0 

9.3  ±0.6 

43*  ±  25 

515  ±168 

299 

9.7  ±0.6 

9.3  ±0.6 

58*  ±  3 

460  ±103 

658 

9.7  ±0.6 

10.0  ±0.0 

31*  ±  19 

474  ±  34 

HMX 

205 

10.0  ±0.0 

9.7  ±0.6 

98  ±21 

522  ±61 

484 

9.0  ±  1.0 

9.7  ±0.6 

88  ±8 

476  ±  40 

918 

9.7  ±0.6 

10.0  ±0.0 

75  ±0.6 

572  ±115 

a  expressed  as  measured  concentrations 

*  Significant  difference  from  the  respective  solvent  control  (p  <  0.05). 
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Both  CL-20  and  RDX  are  known  to  degrade  more  easily  than  does  HMX.  In  fact,  when 
soil  samples  where  past  and  present  practices  involving  the  extensive  use  of  the  melt-cast 
explosive  Octol  (HMX:  70  w/w  %;  TNT:  30  w/w  %;  RDX:  <1  w/w  %)  were  characterized,  only 
HMX  was  detected  as  the  principal  soil  contaminant  (Groom  et  al.,  2002;  Dube  et  al.,  1999; 
Jenkins  et  al .,  1998).  HMX  was  also  found  intact  when  up  taken  by  plants  (Groom  et  al .,  2002; 
Yoon  et  al.,  2002).  CL-20  was  also  found  to  biotransform  faster  than  RDX  under  similar 
conditions  (Figure  37;  Bhushan  et  al.,  2004c).  The  order  of  toxicity  of  the  three  energetic 
chemicals  seemingly  follows  their  order  of  chemical  and  biochemical  reactivities,  thus 
suggesting  that  these  chemicals  may  exert  their  toxic  effects,  at  least  in  part,  through  their 
degradation  products.  It  should  be  noted  however  that  the  toxicity  order  also  follows  the  order  of 
log  Kow  values  (CL-20:  1.92  >  RDX:  0.90  >  HMX:  0.16;  Monteil-Rivera  et  al.,  2004)  and  that 
the  toxicity  could  be  favored  by  a  higher  log  Kow  and  thereby  a  higher  soubility  in  the  receptor 
tissues. 

Earlier  studies  with  TNT  (Lachance  et  al.,  2004)  showed  that  this  energetic  chemical  and 
its  transformed  products  (2-amino-dinitrotoluene  and  4-amino-dinitrotoluene)  were  responsible 
for  causing  toxic  effects  to  earthworms.  In  the  case  of  CL-20,  the  chemical  can  be  degraded  in 
non-sterile  soils  (Trott  et  al.,  2003),  under  alkaline  conditions  (Balakrishnan  et  al.,  2003),  or  in 
the  presence  of  zero  valent  iron  (Balakrishnan  et  al.,  2004a)  to  produce  nitrite  (NO2’),  nitrous 
oxide  (N20),  ammonia  (NH3),  formic  acid  (HCOOH),  or  glyoxal  (HCOCHO).  The  higher  pH  of 
RacAg2002  compared  with  SSL  and  Rac50-50  soils  (Table  18)  may  have  contributed  to 
accelerated  hydrolysis  of  CL-20  and  the  concomitant  formation  of  greater  quantities  of 
potentially  toxic  byproducts  such  as  glyoxal  or  formic  acid.  The  presence  of  these  transformation 
products  may  explain,  at  least  in  part,  the  observed  CL-20  toxicity  in  our  enchytraeid  toxicity 
studies,  as  well  as  others  using  earthworms  (Robidoux  et  al.,  2004).  Preliminary  studies 
(described  in  more  details  in  section  XIX.  1)  were  thus  conducted  with  glyoxal  and  formic  acid 
amended  in  SSL  soil  at  varying  concentrations  (1,  10  and  100  mg  kg  1  dry  soil),  which  showed  no 
lethal  effects  of  either  chemical  to  the  earthworm  at  the  concentrations  tested.  Therefore,  CL-20 
degradation  products  other  than  glyoxal  or  formic  acid,  such  as  the  early  reactive  intermediates 
including  free  radicals  (Hawari  et  al.,  2004)  may  lead  to  cell  organelle  injury. 

Influence  of  soil  types  on  CL-20  toxicity  to  enchytraeids.  Soil  properties  can  influence  the 
bioavailability  and  toxicity  of  energetic  contaminants  to  soil  invertebrates  (Phillips  et  al.,  1993; 
Robidoux  et  al.,  2002,  2004;  Schafer,  2002;  Kuperman  et  al.,  2004b;  Simini  et  al.,  2004).  CL-20 
is  highly  immobilized  by  soils  rich  in  organic  matter  (OM),  and  its  bioavailability  (and 
subsequent  toxicity)  could  vary  depending  on  the  amount  and  quality  of  OM  (Balakrishnan  et  al., 
2004b).  In  the  present  study,  we  assessed  toxicity  of  different  cyclic  nitramines  including  CL-20 
to  enchytraeid  worms  using  three  soil  types  that  have  contrasting  properties  (pH,  OM,  and  clay 
contents,  as  shown  in  Table  18). 

Results  indicate  that  the  soil  with  highest  pH,  CEC,  and  organic  matter  content 
(RacAg2002)  (Table  18)  sustained  the  greatest  CL-20  toxicity  to  E.  crypticus  adult  survival  and 
reproduction  based  on  LC50  or  EC50  values  (Table  19).  The  effect  of  pH  was  discussed  when 
comparing  the  toxicity  of  CL-20  with  that  of  RDX  and  HMX.  Clay  was  shown  to  have  no  effect 
on  the  availability  of  CL-20  (Balakrishnan  et  al.,  2004b).  As  for  the  organic  matter,  the  SSL  soil 
used  in  the  present  study  has  a  low  OM  content  that  supports  relatively  high  bioavailability  of 
CL-20  in  soil  (Kd  =  2.43  L  kg'1,  Table  6).  Although  Kd  coefficients  were  not  measured  for  the 
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composite  soils  RacAg2002  and  Rac50-50,  a  lower  availability  of  CL-20  is  expected  in  these 
soils  due  to  the  higher  fraction  of  OM  they  contain  (42  and  23  %,  respectively).  Indeed,  high 
content  of  OM  should  favor  both  sorption  and  microbial  degradation.  Based  on  the  availability  of 
the  chemical,  CL-20  in  freshly  amended  SSL  soil  should  thus  sustain  a  higher  toxicity  compared 
to  the  composite  RacAg2002  and  Rac50-50.  Results  of  definitive  tests  showed  that  this  was  not 
the  case  (Table  19),  and  that  RacAg2002  soil  sustained  the  greatest  CL-20  toxicity  to  E.  crypticus 
adult  survival  and  reproduction  based  on  LC50  and  EC50  values,  followed  by  SSL  and  Rac50-50 
soils.  These  results  indicate  that  differences  in  CL-20  toxicity  to  enchytraeids  between  test  soils 
cannot  be  interpreted  solely  on  the  basis  of  the  ability  of  the  energetic  chemical  to  bind  onto  soil. 
More  soils  should  be  tested  to  further  understand  the  differences  in  CL-20  toxicity  observed  in 
different  soils. 

Conclusion 

The  present  study  showed  clearly  that  CL-20  (and  possibly  its  degradation  products)  was 
highly  toxic  to  E.  crypticus  and  E.  albidus.  This  effect  is  orders  of  magnitude  more  pronounced 
compared  with  the  currently  used  explosives  RDX  and  HMX.  Identification  of  all  intermediate 
and  final  products  of  the  degradation  of  CL-20  is  necessary  before  its  ecological  risks  and 
impacts  in  the  soil  vadose  zone  can  be  more  clearly  understood. 


122 


XVII  Avian  reproduction  toxicity  tests 


Work  conducted  under  this  task  was  published  in: 

Bardai,  G.,  Sunahara,  G.  /.,  Spear,  P.  A.,  Martel,  M.,  Gong,  P.,  and  Hawari,  J.  (2005)  Effects  of  Dietary 
Administration  ofCL-20  on  the  Japanese  Quail  (Coturnix  coturnix  japonica),  Archives  of  Environmen  tal 
Contamination  and  Toxicology  49:  215-222 


Introduction 

CL-20  is  being  considered  as  a  potential  replacement  for  existing  explosive  materials 
such  as  RDX  and  HMX.  The  toxicity  of  the  latter  to  terrestrial  vertebrate  species  such  as 
mammals,  amphibians  and  birds  is  becoming  better  known  (Schneider  et  cil.,  1976;  Levine  et  al., 
1981;  Talmage  et  al.,  1999;  Gogal  et  al.,  2003;  Johnson  et  al.,  2004).  Gogal  et  al.  (2003)  found 
the  approximate  lethal  dose  of  acute  oral  RDX  exposure  in  northern  bobwhite  ( Colinus 
virginianus )  to  be  280  mg/kg  body  weight  (BW)  for  males,  and  187  mg/kg  BW  for  females.  The 
dose-dependent  effects  of  RDX  also  included  a  decrease  in  food  intake,  body  weight,  and  spleen 
and  liver  mass  for  14  days  but  not  for  90  days  of  exposure.  Although  the  effects  of  CL-20  in 
plant  and  soil  invertebrate  species  have  been  recently  reported  (Gong  et  cd.  2004;  Robidoux  et  cd. 
2004),  there  is  presently  a  lack  of  data  describing  the  toxic  effects  of  CL-20  on  avian  species. 

CL-20  is  a  polycyclic  nitramine  characterized  by  having  N-NO2  bonds,  similar  to  the  two 
monocyclic  nitramines  RDX  and  HMX.  Based  on  these  structural  similarities,  we  hypothesized 
that  the  effects  of  CL-20  to  birds  may  be  similar  to  those  of  RDX.  In  the  present  study,  we  thus 
investigated  the  toxic  effects  of  CL-20  on  the  gallinaceous  test  species,  the  Japanese  quail 
(1 Coturnix  coturnix  japonica).  We  selected  this  species  because  it  is  amenable  to  laboratory 
toxicity  testing,  and  species  of  this  order  can  have  significant  dietary  exposure  to  soil  based  on 
their  foraging  and  behavioral  habits.  This  species  are  used  in  many  standard  toxicity  testing 
regimes  for  standard  avian  toxicity  testing  (ASTM  1997;  USEPA  1996a,b;  OECD  1984b,c).  Data 
generated  using  these  standardized  toxicity  test  methods  will  be  useful  for  the  ecotoxicological 
risk  assessment  of  birds  exposed  to  CL-20. 

The  effect  of  CL-20  on  Japanese  quail  were  studied  using  two  standard  toxicity  tests: 
firstly,  a  14-day  subacute  assay  using  repeated  gavages  doses  (0,  307,  964,  2439,  3475  or  5304 
mg  CL-20/kg  body  weight  (BW)/d)  for  5  d  followed  by  no  CL-20  exposure  (vehicle  only)  for  10 
d;  and  secondly,  a  subchronic  feeding  assay  (0,  11,  1 14,  or  1085  mg  CL-20/kg  feed)  for  42  d. 

Material  and  Methods 

Chemicals  and  reagents.  CL-20  in  the  £  form  (purity  >  95%)  was  obtained  from  ATK  Thiokol 
Propulsion  (Brigham  City,  Utah,  USA).  Acetonitrile  and  acetone  (HPLC  grade)  were  obtained 
from  EM  Science  (Darmstadt,  Germany).  All  other  chemicals  and  reagents  were  of  the  highest 
grades  of  purity  available,  and  were  obtained  from  Anachemia  (Milwaukee,  WI,  USA). 
Deionized  water  was  obtained  using  a  Zenopure  Mega-90  water  purification  system.  All 
glassware  was  washed  with  phosphate-free  detergent,  rinsed  with  acetone,  and  acid-washed 
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before  a  final  rinse  with  deionized  water. 


Raising  of  test  species.  Fertilized  Japanese  quail  ( Cotumix  coturnix  japonica)  eggs  (n=  70  for 
subacute  study,  and  n=  120  for  subchronic  study)  obtained  from  a  local  breeder  (Couvoir 
Simetin,  Mirabel,  QC,  Canada)  were  placed  in  an  environment-controlled  incubator  at  37  +  1°C, 
65  ±  5%  relative  humidity,  and  turned  180°  every  fourth  hour.  Three  days  before  hatching, 
rotation  of  eggs  was  stopped  and  the  relative  humidity  raised  to  70%.  Eggs  were  grouped  at  the 
center  of  the  incubator,  on  a  5-mm  mesh  until  they  hatched.  When  dry,  quail  chicks  were 
transferred  to  a  heated  brooder  (35°C  achieved  using  an  electric  resistance  element),  under 
constant  illumination  with  red  incandescent  light  to  prevent  eye  damage.  Birds  were  fed  a  diet  of 
powdered  Turkey  Starter  (Purina  Mills,  St  Louis,  MO,  USA)  and  tap  water  ad  libitum ,  until  14 
days  of  age.  Quail  were  then  maintained  under  controlled  conditions  of  temperature  (22.0  ± 
3.0°C),  relative  humidity  (50.0  ±  6.0%),  and  lighting  (14:10  h,  light:dark  cycle). 

Experimental  design.  The  subacute  study  (Figure  52A)  described  in  this  article  was  designed 
according  to  the  USEPA  (1996a)  and  OECD  (1984b)  protocols.  Forty-four  2-week  old  quail  were 
weighed,  banded,  and  observed  for  any  abnormalities.  A  blood  sample  (1  mL)  was  taken  from 
the  jugular  vein  (described  below)  and  each  bird  was  then  randomly  assigned  to  six  groups  (n  = 
7-8  per  group,  44  total). 
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Figure  52  Schedule  for  the  two  CL-20  exposure  studies:  subacute  study  (A)  and  subchronic  study  (B). 
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Animals  were  housed  together  in  stainless  steel  cages  (61  cm  width  x  76  cm  length  x  41  cm 
high;  10-mm  mesh  floor)  (2-3  individuals  per  cage)  and  were  uniquely  identified  by  a  leg  band. 
Two  days  later,  birds  were  gavaged  daily  for  5  d  with  pulverized  commercial  feed  (Ralston 
Purina  Turkey  Grower)  containing  CL-20. 

Briefly,  the  feed  was  pulverized  using  a  hand-held  blender  until  a  granular  consistency 
was  formed,  before  the  addition  of  CL-20.  The  CL-20  contaminated  feed  was  prepared  daily,  and 
the  doses  were  adjusted  to  the  body  weight  that  was  taken  daily  during  the  dosing  period  (1%  of 
BW).  To  deliver  the  contaminated  feed,  the  desired  quantity  was  transferred  into  a  5-mL  syringe, 
and  then  1  mL  of  water  was  added  to  the  syringe  to  form  a  slurry.  A  10-gauge  stainless  steel 
curved  feeding  tube  equipped  with  a  Luer  Lock  fitting  (Becton  Dickinson,  Canada)  onto  the 
syringe  was  inserted  down  the  esophagus  to  the  crop.  The  slurry  was  administered  gently  to 
ensure  minimal  regurgitation.  The  calculated  doses  delivered  (mg  CL-20/kg  BW)  were:  307  +  1, 
964  +  8,  2439  +  12,  3475  ±  5,  and  5304  +  53.  A  second  blood  sample  (from  1  to  1.5  mL)  was 
collected  5  d  after  completion  of  the  dosing.  At  the  end  of  the  experiment  (Day  14  of  study),  a 
third  blood  sample  (5  mL)  was  procured  and  the  organs  (heart,  brain,  liver,  and  spleen)  were 
weighed  and  were  frozen  at  -80°C  for  residual  CL-20  analysis.  The  somatic  index  (%)  was 
calculated  as  the  wet  organ  weight  (g)  per  100  g  body  weight. 

In  the  subchronic  study  (Figure  52B),  when  the  quail  reached  2  weeks  of  age,  the  lighting 
period  was  changed  (16:8  h  light:  dark  cycle)  to  provide  optimal  reproductive  conditions,  and  the 
birds  (n  =  48)  were  randomly  assigned  to  each  of  the  four  dose  groups  (described  below)  in 
triplicate.  Each  exposure  was  conducted  in  triplicate;  each  group  of  3  females  and  1  male  were 
housed  together  in  stainless  steel  cages  (described  above).  Quail  were  uniquely  identified  by  a  leg 
band.  During  this  period,  close  surveillance  was  required  to  monitor  any  signs  of  increased 
aggression.  Individuals  injured  or  demonstrating  incompatible  behavior  relative  to  the  group 
were  replaced.  Eggs  were  collected  and  incubated  during  the  pre-exposure  period  to  verify 
fertility  and  thus  ensure  that  only  proven  breeders  were  included  in  this  study.  Two  days  prior  to 
the  start  of  feeding  CL-20  diets  when  quail  were  54  d  old,  a  blood  sample  (2  mL)  was  taken  from 
each  bird.  The  diets  were  prepared  by  mixing  CL-20  (previously  dissolved  in  acetone)  with 
commercial  feed  (Ralston  Purina  Turkey  Grower)  to  achieve  nominal  concentrations  of  10,  100, 
and  1000  mg  CL-20/kg  feed.  The  vehicle  control  diets  were  treated  with  similar  quantities  of 
acetone  without  CL-20  as  described  above.  Acetone  was  allowed  to  evaporate,  and  the  CL-20 
feed  mixture  was  then  placed  in  glass  jars  and  stored  at  4.0  +  2.0°C  in  the  absence  of  light. 
Measured  concentrations  of  CL-20  in  the  feed  were  analyzed  using  HPLC  (11  +  1,  114  +  26,  and 
1085  +  52  mg  CL-20/kg  feed  corresponding  to  the  target  exposure  groups  of  10,  100,  and  1000 
mg/kg  BW,  respectively),  and  were  found  to  be  consistent  throughout  the  study.  All  feed  was 
provided  daily  ad  lib.  Daily  feed  consumption  was  estimated  as  the  difference  between  initial  and 
final  feed  weight  plus  the  quantity  of  unconsumed  pellets  recovered  from  the  litter  pans,  which 
was  determined  daily  for  the  first  2  weeks  of  the  study,  and  then  every  alternate  day. 

Subsamples  of  eggs  (based  on  total  eggs  collected,  n=  15-20  per  day)  were  collected  and 
frozen  at  -80°C;  the  remaining  eggs  (n=  10-12  collected  per  day)  were  stored  in  a  refrigerator  (16 
+  1°C  and  60-70%  humidity)  for  5  d.  Eggs  of  the  latter  group  were  then  incubated  at  37.8°C  and 
60%  relative  humidity.  Following  eight  days  of  incubation,  the  eggs  were  cooled  to  4°C,  and 
embryos  were  then  removed  and  weighed.  Embryos  were  then  preserved  in  capped  vials 
containing  10%  formalin,  and  were  stored  at  room  temperature  in  the  dark  until  further 
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evaluation  of  developmental  effects.  Embryos  were  evaluated  according  to  the  Hamburger- 
Hamilton  system  (1951)  for  normal  stages  of  chick  embryo  development.  At  the  end  of  the  6- 
week  exposure  period,  the  adult  birds  were  sacrificed  and  examined  for  gross  lesions.  Liver, 
spleen,  heart,  and  brain  were  excised,  weighed,  frozen  in  liquid  nitrogen,  and  then  stored  at  - 
80°C  prior  to  residual  CL-20  analyses. 

For  both  studies,  birds  were  monitored  daily  for  changes  in  health  or  disposition  (i.e., 
alertness,  appearance).  For  the  subchronic  study,  body  weight  gain  was  measured  daily  for  the 
duration  of  the  gavaging  phase,  and  then  at  study  days  10  and  14.  Body  weight  and  feed 
consumption  for  the  subacute  study  were  measured  daily  for  a  2  week  period,  and  then  every 
alternate  day.  At  the  end  of  the  experiments,  birds  were  anesthetized  (2-5%  isoflurane),  and 
euthanized  (90%  CCF  /  10%  CF).  Moribund  animals  were  treated  in  the  same  fashion. 
Manipulation  and  handling  were  in  accordance  with  the  Canadian  Council  on  Animal  Care 
guidelines  (1984). 

Blood  collection  and  analysis.  For  clinical  chemistry  and  hematological  analyses,  female  quail 
blood  was  collected  from  the  jugular  vein  with  a  27-gauge  needle  and  a  3-mL  syringe  containing 
100  pL  of  a  1%  EDTA  solution  in  saline.  Males  were  not  considered  for  this  study  because  of  the 
low  number  of  males  per  exposure  group  (1  male  per  3  females  per  replicate,  3  replicates  per 
exposure  group).  Blood  was  thoroughly  mixed  and  250  pL  was  removed  for  whole  blood 
analysis.  Plasma  was  prepared  in  1.5  mL  Eppendorf  tubes  centrifuged  at  13,000  x  g  for  5  min, 
and  was  used  either  fresh  for  clinical  chemistry  analysis  to  screen  for  biochemical  and 
pathological  abnormalities,  or  was  stored  at  -80°C  for  plasma  residual  CL-20  analysis.  Quail 
plasma  was  analyzed  to  determine  its  clinical  chemistry  profile  (Beckman  LX20  Pro,  Rochester, 
NY)  which  included  sodium  (Na),  potassium  (K),  chloride  (Cl),  glucose  (Glu),  creatinine  (Cre), 
total  protein  (TP),  phosphorus  (PO4),  total  bilirubin  (Tbili),  direct  bilirubin  (Dbili),  uric  acid 
(Uric),  magnesium  (Mg),  cholesterol  (Choi),  alanine  aminotransferase  (ALT),  aspartate 
aminotransferase  (AST),  alkaline  phosphatase  (ALP),  amylase  (AMY),  lactate  dehydrogenase 
(LDH),  and  triglycerides  (TG).  For  hematological  analysis,  a  drop  of  anticoagulated  blood  was 
placed  on  a  microscope  slide  and  a  smear  was  made.  The  blood  smear  was  fixed  in  methanol, 
stained  with  modified  Wright-Giemsa  and  the  leukocyte  differential  was  performed  where  100 
leukocytes  (lymphocytes,  heterophils,  monocytes,  basophils,  and  eosinophils)  were  enumerated. 
Heterophil  to  lymphocyte  ratios  were  calculated  to  investigate  stress.  For  hematocrit  (HCT) 
determination,  a  non-heparinized  hematocrit  capillary  tube  was  filled  with  anticoagulated  blood. 
The  bottom  of  the  capillary  tube  was  sealed  with  a  clay  plug,  and  centrifuged  for  5  min  at  3000 
rpm,  and  the  HCT  was  determined  as  the  ratio  between  total  capillary  volume  and  the  packed  cell 
volume  (PCV). 

CL-20  extraction  from  quail  tissue.  CL-20  extractions  were  performed  according  to  USEPA 
Method  8330A  (USEPA,  1997)  with  the  following  modifications.  For  CL-20  exposure  studies, 
whole  organs  taken  from  test  animals  were  immediately  homogenized  on  ice  in  7  mL  cold 
acetonitrile  using  a  Polytron  tissue  homogenizer  (30  s  for  brain  and  spleen,  or  1  min  for  heart  and 
liver)  in  Teflon  tubes.  Following  overnight  sonication  in  the  dark  at  8°C  (60  Hz;  Branson  3200, 
Danbury,  CT,  USA),  samples  were  centrifuged  at  4°C  for  10  min  at  10,000  x  g.  To  5  mL  of  the 
decanted  supernatant  was  added  an  equal  volume  of  a  CaCU  (90  mM)-NaHS04  (1.6  mM) 
solution,  and  the  resulting  mixture  was  vortexed  for  30  s  and  stored  at  4°C  for  2  h  to  precipitate 
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proteins.  The  resulting  solution  was  filtered  through  a  0.45-pm  membrane  prior  to  HPLC 
analysis.  To  increase  the  sensitivity  of  the  above  method,  the  supernatants  of  different  tissue 
samples  (liver,  heart,  brain,  and  kidney)  were  also  concentrated.  Each  supernatant  (5  mL)  was 
evaporated  to  dryness  in  a  Speed  Vac  (Savant,  Hicksville,  NY,  USA).  To  the  precipitate  was 
added  500  pL  acetonitrile  and  vortexed  for  1  min,  after  which  the  CaCE  -  NaHSCE  solution  was 
added  as  described  above.  For  the  control  recovery  studies,  whole  organs  (liver,  brain,  spleen,  or 
heart)  were  taken  from  non-treated  quail  and  were  spiked  with  varying  concentrations  of  CL-20 
prior  to  being  immediately  frozen  at  -80°C  for  24  h.  The  organs  were  then  thawed  in  cold 
acetonitrile,  and  CL-20  was  extracted  as  described  above. 

Extraction  of  CL-20  from  the  test  diet.  Acetonitrile  extractions  of  test  diet  were  also  performed 
using  the  USEPA  Method  8330A  (USEPA,  1997).  One  mL  of  1.6  mM  NaHS04  prepared  in 
water  was  added  to  two  grams  of  feed  and  vortexed  for  10  s.  To  this  was  added  10  mL  (for  feed 
containing  10  mg  CL-20/kg  feed)  or  20  mL  of  acetonitrile  (for  feed  containing  100-1000  mg  CL- 
20/kg  feed),  prior  to  vortexing  for  1  min. 

Analytical  procedures.  CL-20  was  analyzed  as  described  in  section  VI. 

Statistical  analysis.  The  data  were  evaluated  by  two-way  and  repeated  measures  analysis  of 
variance  (ANOVA).  Statistical  comparisons  between  exposure  groups  were  performed  by 
Dunnett’s  test  ip  <  0.05).  Statistical  analysis  was  performed  using  JMPIN  (Version  4,  SAS® 
Institute,  Cary,  NC,  USA). 

Accomplishmets 

Subacute  study.  No  clinical  or  overt  toxic  symptoms  were  observed  during  the  5-d  exposure 
period  to  CL-20.  The  change  in  average  weight  gain  for  each  exposure  group  is  shown  in  Figure 
53.  Data  indicate  that  a  dose-dependent  decrease  in  body  weight  gain  occurred  during  the  first  5 
days  of  this  study  (p  <  0.05).  On  study  days  1  to  3,  the  CL-20  quail  exposure  groups  >  964  mg/kg 
BW/d  gained  less  weight  than  the  control  group  (p  <  0.05).  However,  this  effect  was  not  detected 
by  the  end  of  the  study  (day  14,  or  10  d  of  no  CL-20  exposure). 

Liver  weights  were  significantly  elevated  in  the  highest  dose  group  (5304  mg/kg  BW/d), 
whereas  other  organ  weights  (brain  and  spleen)  were  not  significantly  different  between  CL-20 
treated  and  control  groups  (Figure  54).  Increases  in  plasma  sodium  and  creatinine  levels  were 
found  in  birds  treated  with  5304  mg  CL-20/kg  BW/d,  compared  with  controls  (Table  21). 
Hematological  parameters  (heterophil  to  lymphocyte  ratios,  and  hematocrit)  in  the  subacute  study 
were  not  statistically  different  between  exposure  groups  when  compared  to  controls  (data  not 
shown). 

Subchronic  study  No  clinical  or  overt  toxic  symptoms  were  observed  during  the  42-d  exposure 
period  in  this  study.  Aggressive  behavior  was  noted  in  one  individual  who  was  subsequently 
isolated  from  the  control  group.  Another  bird  from  a  different  control  group  had  to  be  euthanized 
due  to  injuries  inflicted  by  an  aggressive  control  bird  (that  was  hence  removed  from  the 
triplicate).  These  observations  were  not  related  to  exposure.  Based  on  feed  consumption  (feed 
consumed  per  number  of  individuals  in  each  dose  group)  and  the  mean  body  weight,  the 
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calculated  daily  doses  to  quail  consuming  the  CL-20  diet  were  0,  0.96,  10,  and  94  mg  CL-20/kg 
BW,  for  the  measured  0,  11,  114,  and  1085  mg  CL-20/kg  feed  exposure  groups,  respectively. 
Throughout  this  study,  no  differences  in  feed  consumption  or  body  weight  were  observed 
between  exposure  groups  (data  not  shown).  Clinical  chemistry  analysis  of  quail  blood  taken  from 
the  subchronic  study  (Table  22)  revealed  that  the  aspartate  aminotransferase  (AST)  level  was 
increased  by  1.25  times  in  the  birds  of  the  highest  measured  feed  dose  level  (1085  mg  CL-20/kg) 
relative  to  controls  ( p  <  0.05). 

Embryo  weight  was  found  to  decrease  significantly  and  in  a  dose-dependent  manner  (Figure  55). 
Based  on  the  measured  exposure  concentration,  the  unbounded  lowest  observed  adverse  effect 
level  (LOAEL)  for  this  effect  was  11  mg/kg  feed.  Some  of  the  embryos  in  the  storage  vials 
dehydrated  making  these  samples  unsuitable  for  further  analysis.  In  the  114  mg/kg  feed  exposure 
group,  two  of  the  6  embryos  had  multiple  (both  cranial  and  facial)  deformities.  Whereas  in  the 
highest  dose  group  (1085  mg/kg  feed),  three  of  the  9  embryos  experienced  beak  curvatures, 
possible  mid  brain  enlargement,  and  classical  one  sided  development  with  micro-opthalamia. 
These  CL-20  exposure-related  deformities  were  not  observed  in  the  control  group;  however,  two 
of  the  nine  control  embryos  showed  very  slight  ocular  asymmetric  deviations.  No  decrease  in  the 
rate  of  development  was  detected,  all  embryos  being  at  stages  30-3 1  (Hamburger  and  Hamilton, 
1951).  In  addition,  CL-20  exposure  tended  to  decrease  the  number  of  eggs  laid  per  female  (p  > 
0.05)  compared  to  controls  (Figure  56). 


Figure  53  Changes  in  body  weight  of  juvenile  Japanese  quail  gavaged  with  CL-20  for  5  days  (subacute 
study).  Exposure  schedule  is  shown  in  Figure  52.  Each  value  is  the  mean  ±  SD  (standard  deviation)(n  = 
44  birds).  *  Above  bars  denotes  value  is  statistically  different  from  the  control  (p  <  0.05). 
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Figure  54  Somatic  index  of  selected  organs  of  juvenile  Japanese  quail  gavaged  with  CL-20  for  5  days  followed  by  10  days  of  vehicle  only  (no 
CL-20).  Data  are  expressed  as  mean  ±  SD  (n  =  44  birds).  Study  design  is  shown  in  Fig.  52.  *  Above  bars  denotes  value  is  statistically  different 
from  the  control  {p  <  0.05 
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Table  21  Selected  plasma  biochemical  parameters  of  adult  Japanese  quail  exposed  to  CL-20  by  gavage  for  5  d  followed  by  10  days  exposure 
with  no  CL-20 


Parameters  CL-20  Exposure  Groups  (mg  CL-20  per  kg  body  weight  per  d) a 


0 

307 

964 

2439 

3475 

5304 

P04  (mmol/L)  b 

3.22  +  0.21  c 

2.89  +  0.26 

2.91+0.26 

2.53  +  0.21 

2.73  +  0.24 

2.96  +  0.39 

TP  (g/L) 

19.2  +  3.6 

22.0  +  2.6 

22.3  +  2.9 

18.4  +  2.9 

20.8  +  2.8 

21.63  +  3.25 

Glu  (mmol/L) 

16.3  +  1.0 

17.0  +  0.7 

16.7+1.0 

16.4+1.2 

17.1  +  1.3 

16.36+1.45 

Cre  (pmol/L) 

20.0  +  2.6 

18.6  +  3.2 

20.3  +  4.0 

18.2  +  5.4 

21.8  +  4.4 

25.00  +  3.16* 

Na  (mmol/L) 

143.9  +  0.8 

145.5  +  1.0 

144.0  +  0.8 

144.6  +  2.7 

149.5  +  1.6 

151.7  +  2.70* 

ALP  (IU/L) 

592  +  327 

711+253 

1056  +  301 

485  +  396 

328  +  275 

509  +  230 

ALT  (IU/L) 

4.25  +  1.50 

4.20+1.30 

5.00  +  0.82 

4.80  +  0.84 

4.50+1.05 

4.50  +  0.76 

Uric  (pmol/L) 

201.3  +  53.3 

239.2  +  78.1 

269.0  +  134.8 

195.0  +  37.6 

216.0+101.8 

300.6  +  68.5 

AMY  (IU/L) 

336  +  71 

460+  190 

377  + 197 

178  +  60 

436+  136 

377  +  193 

AST  (IU/L) 

101.3  +  11.7 

87.3  +  10.0 

94.0+10.1 

107.2  +  21.9 

95.5  +  13.5 

101.9  +  11.8 

Choi  (mmol/L) 

5.32  +  0.74 

4.06  +  0.91 

5.17  +  1.52 

5.63  +  2.50 

4.67  +  0.98 

5.38  +  1.44 

Dbili  (pmol/L) 

1.25  +  0.24 

0.95  +  0.21 

0.78  +  0.31 

1.40  +  0.50 

0.83  +  0.27 

1.16  +  0.49 

Tbili-  (pmol/L) 

2.8 +  0.5 

2.6+  1.6 

4.0+  1.2 

2.2+  1.3 

2.3  +  1.1 

3.5 +  0.9 

GGT  (IU/L) 

6.5 +  4.5 

8.8 +  2.3 

8.0+  1.4 

8.4 +  0.9 

7.5 +  2.2 

10.0  +  2.2 

LDH  (IU/L) 

59.8  +  13.0 

48.8  +  8.4 

47.0  +  9.5 

49.2+12.8 

41.0+12.7 

56.4  +  28.8 

TG  (mmol/L) 

1.84  +  0.20 

1.42  +  0.32 

2.05  +  0.91 

2.04  +  0.52 

1.49  +  0.36 

2.06  +  0.78 

Mg  (mmol/L) 

0.15  +  0.50 

0.20  +  0.01 

0.28  +  0.05 

0.11+0.14 

0.10  +  0.04 

0.13  +  0.7 

aMeasured  concentrations  of  CL-20  intake  by  gavaged  quails.  b  Abbreviations  used:  Phosphate  (PO4),  Total  Proteins  (TP),  Glucose  (Glu),  Creatinine  (Cre), 
Alkaline  phosphatase  (ALP),  Alanine  aminotransferase  (ALT),  Amylase  (AMY),  Aspartate  aminotransferase  (AST),  Cholestrol  (Choi),  Direct  Bilirubin  (Dbili), 
Total  Bilirubin  (Tbili),  y-glutamyltransferase  (GGT),  Lactate  dehydrogenase  (LDH),  Triglycerides  (TG),  Magnesium  (Mg) c  Data  are  expressed  as  mean  ±  SD 
(standard  deviation)  (n  =  4-8  birds  per  exposure  group).  Exposure  group  is  significantly  different  from  control  using  Dunnett’s  test  ( p  <  0.05). 
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CL-20  recovery  from  tissue.  CL-20  was  not  detected  in  the  plasma  or  selected  organs  (brain, 
spleen,  heart  and  liver)  of  quail  treated  with  CL-20  (data  not  shown),  despite  the  excellent 
recovery  of  the  chemical  (99-105  %)  using  different  spiked  tissues  (Figures  57  and  58). 


Table  22  Selected  plasma  biochemical  parameters  of  adult  Japanese  quail  fed  CL-20  in  the  diet  for  42  d 


Parameters  CL-20  Exposure  Groups  (mg  CL-20/kg  feed) a 


0 

11 

114 

1085 

PO4  (mmol/L) b 

2.87  + 0.63  c 

2.56  +  0.39 

3.03  +  0.84 

2.11  +0.71 

TP  (g/L) 

31.6  +  4.0 

30.1  +2.3 

33.5  +  1.7 

28.3  +  3.2 

Glu  (mmol/L) 

15.1+0.99 

15.4+1.29 

14.5+0.8 

14.4  +  0.9 

Cre  (pmol/L) 

30.3  +  9.6 

32.4  +  4.7 

24.4  +  6.1 

27.0  +  9.6 

Na  (mmol/L) 

144.4  ±3.6 

142.3+  1.3 

139.8  +  3.5 

142.3  +  1.3 

ALT  (IU/L) 

5.16+1.60 

4.83  +  2.22 

6.00+1.63 

6.50+1.51 

Uric  (pmol/L) 

213.4  +  58.7 

303.0+  147.0 

136.8  +  71.2 

232.3  +  131.5 

AMY  (IU/L) 

507  + 179 

368  +  222 

643  +  304 

472  +  154 

AST  (IU/L) 

133.3  +  11.6 

144.8  +  23.5 

154.6  +  27.4 

167.2  +  23.2* 

Choi  (mmol/L) 

6.27  +  2.06 

4.84+  1.76 

7.39  +  3.85 

4.63  +  1.34 

Tbili-  (pmol/L) 

7.65  +  1.97 

6.94+1.45 

8.12+  1.39 

6.98  +  0.96 

GGT  (IU/L) 

5.88+1.64 

6.57  +  1.13 

6.13  +  2.41 

6.43  +  1.90 

LDH  (IU/L) 

54.8  +  59.0 

31.3  +  27.0 

34.8  +  51.0 

74.2  +  39.0 

TG  (mmol/L) 

11.7  +  2.4 

9.8 +  2.7 

10.8  +  2.2 

9.2 +  2.7 

Mg  (mmol/L) 

1.63  +  0.33 

1.36  +  0.23 

1.48  +  0.29 

1.34  +  0.25 

K  (mmol/L) 

2.9 +  0.5 

3.2 +  0.3 

2.7  +  0.3 

2.9  +  0.4 

Cl  (mmol/L) 

110.1  +4.2 

107.8  +  3.9 

107.1  +3.5 

110.3  +  3.2 

“Measured  concentration  in  feed  using  USEPA  Method  8330A  (USEPA,  1997). 

bAbbreviations  used:  Phosphate  (P04),  Total  Proteins  (TP),  Glucose  (Glu),  Creatinine  (Cre),  Alanine 
aminotransferase  (ALT),  Amylase  (AMY),  Aspartate  aminotransferase  (AST),  Cholestrol  (Choi),  Total  Bilirubin 
(Tbili),  y-glutamyltransferase  (GGT),  Lactate  dehydrogenase  (LDH),  Triglycerides  (TG). 

L  Data  are  expressed  as  mean  ±  SD  (standard  deviation)  (n=  7-9  birds  per  group). 

*  denotes  exposure  group  is  significantly  different  from  control  using  Dunnett’s  test  (p  <  0.05). 
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Figure  55  Effects  of  42  days  dietary  exposure  of  CL-20  on  Japanese  quail  embryo  weights.  Data  are 
mean  embryo  weight  ±  SD.  (n  =  number  of  embryos  evaluated).  *  Above  bars  denotes  values  statistically 
different  from  the  control  {p  <  0.05). 


0  11  114  1085 

Exposure  Group  (mg  CL-20/  kg  feed) 


Figure  56  Effects  of  42  d  dietary  exposure  of  CL-20  on  the  mean  number  of  eggs  produced  per  hen. 
These  exposure  effects  were  not  significant  compared  to  controls  {p  >  0.05). 
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Figure  57  Recovery  of  CL-20  using  spiked  tissue  samples  (  A,  Brain;  O,  Spleen;  ■,  Heart)  and  the 
modified  USEPA  Method  8330A  (USEPA,  1997).  Inset  shows  CL-20  recovery  at  spiked  concentrations 
less  than  0.8  pg  CL-20/g  tissue  dry  weights.  R2  value  was  determined  by  linear  regression  using  least- 
squares  method. 


Amount  of  CL-20  added 
(fig  CL-20/g  tissue  DW) 


Figure  58  Recovery  of  CL-20  from  spiked  liver  tissue  using  modified  USEPA  Method  8330A  (USEPA. 
1998). 
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Discussion 


Few  acute  and  subchronic  effects  were  found  from  oral  CL-20  exposures  to  adult 
Japanese  quail  in  this  study.  However,  our  42-d  subchronic  study  indicates  that  CL-20  exposure 
led  to  significant  decreases  in  embryo  weight  without  a  corresponding  effect  on  developmental 
stage.  This  would  suggest  an  effect  on  energy  metabolism  rather  than  a  decrease  in  the  rate  of 
embryonic  development,  per  se.  Although  we  have  evidence  that  CL20  exposure  caused 
abnormal  developmental  effects,  these  results  should  be  considered  preliminary  until  a  more 
rigorous  teratological  evaluation  is  done.  Bushan  et  al.  (2004a,  b)  reported  the  formation  of 
nitrite  (NCL’),  nitrous  oxide  (N2O),  ammonia,  formic  acid,  ammonium  or  glyoxal  from  the 
enzymatic  biodegradation  of  CL-20  by  the  flavin  containing  enzymes,  nitroreductase  and 
salicylate  1 -monooxygenase.  Quail  have  been  found  to  possess  both  Phase  I  and  II 
biotransformation  enzymes  (Gregus  et  al.,  1983).  It  is  possible  that  quail  may  possess  similar 
enzymes  capable  of  degrading  CL-20,  and  that  the  presence  of  the  resulting  degradation  products 
may  be  related  to  the  observed  CL-20  toxicity  in  our  present  studies.  A  preliminary  survey  of  the 
avian  toxicity  literature  failed  to  identify  studies  characterizing  the  toxic  effects  of  the  latter  CL- 
20  degradation  products  to  quail.  To  further  characterize  the  reported  effect  of  embryo 
malformation  by  CL-20  and  gain  more  information  about  the  mechanism  of  CL-20  toxicity 
(direct  and  indirect  effects  of  CL-20  on  the  embryo),  in  vitro  approaches  are  recommended. 

Earlier  studies  have  shown  that  exposure  to  the  monocyclic  nitramine  explosive  RDX 
causes  central  nervous  system  (CNS)  disturbances  in  birds  (northern  bobwhite),  terrestrial 
salamanders  and  mammals  (rats  and  miniature  swine)  (Schneider  et  al.,  1976;  Levine  et  al., 
1981;  Gogal  et  al.,  2003;  Johnson  et  al.,  2004).  Rats  injected  intraperitoneally  with  500  mg 
RDX/kg  BW  had  seizures  prior  to  death.  Miniature  swine  treated  intravenously  with  RDX 
showed  convulsions  from  12  to  24  h  after  exposure.  A  recent  study  reported  that  red-backed 
salamanders  ( Plethodon  cinereus )  exposed  to  5,000  mg  RDX/kg  soil  in  laboratory  microcosms 
for  28  days  showed  signs  of  neuromuscular  effects,  including  lethargy,  convulsions,  rolling  and 
gaping  motions,  hyperactivity,  as  well  as  a  marked  weight  loss  (Johnson  et  al.,  2004).  In  contrast 
to  these  earlier  studies  using  RDX,  none  of  the  CL-20  treated  birds  in  our  present  studies 
exhibited  signs  of  neurotoxicity. 

Earlier  studies  by  Gogal  et  al.  (2003)  showed  that  RDX  in  a  water  vehicle  was  lethal  to  the 
northern  bobwhite  at  a  single  dose  (>  187  mg  RDX/kg  BW)  after  72  h  exposure.  In  our  subacute 
study,  CL-20  caused  no  mortality  in  adult  Japanese  quail  gavaged  with  up  to  5304  mg  CL-20/kg 
BW.  These  data  suggest  that  CL-20  is  not  as  lethal  to  galliform  species  as  RDX.  Physico¬ 
chemical  differences  between  RDX  (aqueous  solubility  at  20°C  =  42.58  mg/L,  log  Kow  =  0.90) 
and  CL-20  (aqueous  solubility  at  20°C  =  3.16  mg/L,  log  Kow  =  1.92)  (Monteil-Rivera  et  al., 
2004)  may  favor  the  absorption  or  bioavailability  of  RDX  relative  to  CL-20,  and  may  help  to 
explain  the  differences  in  acute  toxicity.  Increased  liver  to  BW  ratios  were  observed  in  the 
highest  dose  group  (5304  mg  CL-20/kg  BW/d),  10  d  post  CL-20  exposure,  whereas  the  spleen- 
and  heart-  to  body  weight  ratios  were  not  significantly  altered  compared  to  controls.  This  effect 
contrasts  with  the  earlier  results  showing  decreased  liver  to  BW  ratios  observed  for  northern 
bobwhite  exposed  to  RDX  in  feed  (Gogal  et  al.,  2003).  Birds  exposed  to  RDX  for  14  days  caused 
significant  increases  in  the  hematological  parameters  such  as  heterophil  counts,  and  the 
heterophil/lymphocyte  ratio,  as  well  as  an  increase  in  the  packed  cell  volume  (PCV)  (Gogal  et 
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al.,  2003).  In  contrast,  our  study  using  CL-20  did  not  show  an  effect  of  exposure  on  the 
heterophil/lymphocyte  ratio  or  on  PCV,  suggesting  that  CL-20  is  not  an  immunotoxicant  or  a 
mitogen  at  least  during  this  period  of  exposure.  It  is  possible  that  immunological  effects  may 
have  occurred  but  were  reversed  during  our  exposure  schedule  that  allowed  10-d  of  no  exposure 
with  CL-20. 


Conclusion  Although  CL-20  has  certain  structural  similarities  to  the  monocyclic  nitramine  RDX 
(Figure  1),  this  polycyclic  nitramine  does  not  appear  to  demonstrate  the  same  profile  of  toxicities 
as  RDX  in  quail.  Our  present  study  has  provided  basic  toxicity  data,  and  suggests  that  further 
research  should  be  carried  out  to  study  the  developmental  effects  of  CL-20  in  birds. 
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XVIII  Bioaccumulation  of  CL-20  in  plants  and  earthworms 


XVIII.l  Optimization  of  bioaccumulation  test  using  ryegrass 

Optimization  of  plant  bioaccumulation  tests  including  the  determination  of:  1)  the 
optimal  number  of  seeds  to  obtain  maximal  growth  of  shoots  and  roots,  2)  the  maximal  duration 
of  the  bioaccumulation  test,  and  3)  the  minimal  frequency  of  aeration  necessary  to  maintain 
optimal  growth  (every  two  days,  twice  a  week,  once  a  week)  was  conducted.  Preliminary  results 
indicate  that  50  seeds  of  ryegrass  should  be  sown  per  4  inch-pot,  plant  bioaccumulation  test 
should  be  done  over  42  days,  and  samples  should  be  taken  every  week.  Based  on  range-finding 
and  limit  tests  performed  earlier  in  the  project,  a  first  bioaccumulation  test  using  unlabelled  CL- 
20  was  initiated  in  October  2004  with  ryegrass  seeds  exposed  to  10,  100,  1000  and  10000  mg 
CL-20  per  kg  SSL  amended  soil. 

XVIII.2  Optimization  of  bioaccumulation  test  using  earthworm  Eisenia  andrei 

A  first  bioaccumulation  study  using  unlabelled  CL-20  was  initiated  with  the  earthworm  Eisenia 
andrei  exposed  to  10,  25,  50  and  200  mg  CL-20  /  kg  SSL  amended  soil.  Uptake  kinetics  were 
monitored  for  28  days.  Preliminary  results  presented  in  Figure  59  indicate  that  no  CL-20  was 
degraded  in  the  soil  exposed  to  earthworms  except  at  the  highest  concentration  (200  mg/kg  soil) 
where  less  than  10%  was  degraded  after  7  days  of  exposure.  No  detectable  CL-20  was 
bioaccumulated  in  earthworm  tissue,  which  is  consistent  with  earlier  results  obtained  in  our 
laboratory  (Robidoux  el  al.,  2004).  Interestingly,  exposure  to  all  concentrations  of  CL-20 
rendered  their  body  more  rigid.  Recently  we  received  [14C]-CL-20  and  thus  bioaccumulation 
tests  using  the  radiolabeled  substrate  will  be  performed  in  air-tight  transparent  desiccators 
designated  as  mesocosms. 


Figure  59  Concentration  of  CL-20  in  soil  exposed  and  not  exposed  to  Eisenia  andrei  (ongoing 
experiment). 
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XIX  CL-20  metabolic  products  in  plants,  earthworms  and  quail 


Part  of  the  work  under  this  task  was  published  in: 

1.  Dodard  S.  G.,  G.  I.  Sunahara,  M.  Sarrazin,  P.  Gong,  R.G.  Kuperman,  G.  Ampleman,  S.  Thiboutot,  and 
J.  Hawari  (2005).  Survival  and  reproduction  of  enchytraeid  worms  (Oligochcieta)  in  different  soil 
types  amended  with  cyclic  nitrcimine  explosives.  Environmental  Toxicology  and  Chemistry.  24(10): 
2579-2587 

2.  Barden,  G,  Sunahara,  G.I.,  Spear,  P.  A.,  Grosz,  S.,  and  Hawari,  J  (2006)  Purification  of  a  cytosolic 
GST  from  Japanese  quail(Coturnix  coturnix  japonica)  capable  of  biotransforming  CL-20  (submitted: 
Toxicological  Sciences) 


In  order  to  understand  the  mechanisms  of  CL-20  toxicity  we  are  conducting  experiments 
to  determine  degradation  products  of  the  energetic  chemical  in  various  tissue  samples  of  quail, 
earthworms  and  plants. 


XIX.l  Toxicity  of  CL-20  metabolic  products  on  earthworms 

The  toxic  effects  of  glyoxal  and  formic  acid,  two  CL-20  products  detected  under  both 
abiotic  and  biotic  conditions,  were  measured  in  freshly  amended  SSL  soil.  Toxicity  to  the 
earthworm  ( Eisenia  andrei )  was  evaluated  using  the  USEPA  earthworm  survival  test  method 
(1989)  at  concentrations  of  1,  10  and  100  mg/kg  dry  soil.  Our  results  showed  that  glyoxal  and 
formic  acid  were  not  lethal  to  E.  andrei  after  a  14-d  exposure  (Table  23). 


Table  23  Lethal  effects  of  CL-20,  glyoxal  and  formic  acid  on  earthworm  Eisenia  andrei  in  freshly 
amended  Sassafras  sandy  loam  (SSL)  soil 


CL-201 

(mg  /  kg) 

Glyoxal2 
(mg  /  kg) 

2 

Formic  acid" 

(mg  /  kg) 

Toxicological 

endpoint 

7  d  Mortality  3 

14  d  Mortality  3 

14  d  Mortality  3 

14  d  Mortality  3 

NOEC 

100 

10 

100 

100 

LOEC 

1000 

100 

>  100 

>  100 

LC20  (95%  Cl) 

490 

67 

>  100 

>  100 

LC50  (95%  Cl) 

>  1000 

331 

>  100 

>  100 

1  Based  on  measured  concentrations.  2  Based  on  nominal  concentrations. 

3  Based  on  the  number  of  surviving  adult  earthworms  on  days  7  and  14  of  the  experiment. 
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XIX.2  Biotransformation  of  CL-20  in  quail  liver 


Work  conducted  under  this  task  was  submitted  in: 

Ghalib  K.  Bardai,  Halasz  A,  Sunahara  G  I,  Dodcird  S,  Spear  PA,  Grosse  S,  Hoang  J,  Hawari  J.  (2006). 
In  vitro  Degradation  of  2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-Hexaazaisowurtzitane  (CL-20)  by 
Cytosolic  Enzymes  of  Japanese  Quail  and  the  Rabbit,  (to  Environ.  Toxicol.  Chem,  Jan  2006) 


Our  earlier  in  vivo  studies  (reported  in  Section  XVII)  showed  that  subacute  and  subchronic  CL- 
20  exposure  to  adult  quail  had  no  observable  effects  on  these  individuals.  Analysis  of  quail 
plasma  and  organs  (liver,  brain,  heart  and  spleen)  showed  that  CL-20  was  not  present.  It  is 
possible  that  the  adult  quail  may  possess  an  enzymatic  mechanism  to  biotransform  CL-20.  In  the 
adult  quail,  the  liver  is  the  primary  organ  for  Phases  I  and  II  xenobiotic  biotransformation 
reactions  (Gregus  et  al.,  1983).  CL-20,  an  electrophilic  molecule,  is  a  possible  substrate  for 
nucleophilic  reactions.  Nucleophilic  conjugation  reactions  with  thiols,  formed  via  the  glutathione 
S -transferases  (GST)  enzyme  and  reduced  glutathione  (GSH)  are  well  documented  (Klaassen, 
1996).  We  hypothesize  that  the  quail  liver  may  contain  a  GST  type  enzyme  capable  of 
biotransforming  CL-20  with  glutathione  as  a  required  substrate.  To  test  this  hypothesis  we 
incubated  cytosol  (100  K  x  g  supernatant)  from  quail  liver  with  CL-20,  and  found  a  time- 
dependent  and  significant  decrease  in  the  quantity  of  CL-20  in  vitro.  Using  two  known  inhibitors 
of  GST  (ethacrynic  acid  or  S-octylglutathione,  a  glutathione  analogue)  the  biotransformation  of 
CL-20  was  significantly  inhibited  in  vitro.  Furthermore,  if  liver  cytosol  is  passed  through  a  GSH- 
Affinity  column,  and  the  resulting  eluate  is  incubated  with  CL-20,  we  observed  that  the  ability  to 
biotransform  CL-20  was  lost.  Diphenyliodonium  (DPI),  an  inhibitor  of  flavin-containing 
enzymes,  or  carbon  monoxide,  a  cytochrome  P450  inhibitor,  did  not  inhibit  the  biotransformation 
of  CL-20.  These  preliminary  studies  indicate  that  CL-20  can  be  metabolized  by  bird  liver  through 
a  mechanism  related  to  glutathione  S-transferase.  Studies  using  purified  enzyme  preparations  and 
14C-labeled  CL-20  will  be  carried  out  to  test  this  hypothesis. 


Abstract 

Earlier  studies  show  that  exposure  of  adult  quail  to  2,4,6,8,10,12-hexanitro-2,4,6,8,10,12- 
hexaazaisowurtzitane  (CL-20)  increased  liver  weights  and  elevated  plasma  aspartate 
aminotransferase  activities  in  treated  animals.  Analysis  of  plasma  and  tissue  samples  (liver, 
brain,  heart,  or  spleen)  indicated  that  CL-20  was  not  detectable  in  treated  animals.  We 
hypothesized  that  the  liver  was  the  organ  of  toxicity.  The  present  in  vitro  study  was  then 
undertaken  to  determine  if  the  quail  liver  could  biotransform  CL-20,  using  rabbit  liver  as  a 
comparison.  Results  indicate  that  the  biotransformation  of  CL-20  was  inhibited  by  ethacrynic 
acid  (93%),  and  by  the  glutathione  (GSH)  analogue,  S-octylglutathione  (80%),  suggesting  the 
involvement  of  glutathione  S-transferase  (GST).  Partially  purified  cytosolic  a  and  p  type  GST 
(requiring  presence  of  GSH  as  a  cofactor)  from  either  quail  or  rabbit  liver  was  capable  of  CL-20 
biotransformation.  The  degradation  of  CL-20  (0.30  ±  0.05  and  0.40  ±  0.02  nmol/min/mg  protein 
for  quail  and  rabbit,  respectively)  was  accompanied  with  the  formation  of  nitrite  and 
consumption  of  GSH.  Using  LC/MS  we  detected  two  intermediates  with  the  same  deprotonated 
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molecular  mass  ion  [M-H]  at  700  Da,  suggesting  their  presence  as  two  isomeric  species  with 
the  empirical  formula  C16H24N14O16S.  Further  LC/MS  analysis  using  ring  labeled  [15N]CL-20 
and  the  nitro  group-labeled  [15NC>2]CL-20  the  [M-H]  of  the  two  intermediates  appeared  at  706 
and  705  Da,  respectively,  suggesting  that  the  metabolite  (and  its  isomer)  is  a  GS -monodenitrated 
CL-20  adduct.  We  concluded  that  the  in  vitro  denitration  of  CL-20  by  GST  should  also  be  a  key 
initial  step  in  the  in  vivo  biotransformation  of  the  chemical  in  quail. 


Introduction 

As  we  mentioned  previously  CL-20,  an  emerging  energetic  chemical,  is  a  high-density  caged 
polycyclic  nitramine  compound  that  is  currently  being  considered  for  military  application. 
Recently  our  laboratory  (Bardai  et  al.,  2005)  investigated  the  toxic  effects  of  this  chemical  on  the 
gallinaceous  test  species,  the  Japanese  quail  ( Coturnix  coturnix  japonica )  and  demonstrated  that 
subchronic  feeding  CL-20  in  the  diet  to  adult  quail  (up  to  1085  mg/kg  BW  for  42  d)  increased 
liver  weights  and  elevated  plasma  aspartate  aminotransferase  activities  in  treated  animals,  and  led 
to  significant  developmental  effects  on  embryos.  However,  no  overt  toxicological  effects  were 
observed  in  the  CL-20  treated  birds.  This  study  also  reported  the  absence  of  CL-20  in  quail 
plasma  and  other  major  organs  such  as  liver,  brain,  heart,  and  spleen,  suggesting  that  C  L-20 
might  have  been  din  these  organs,  particularly  in  liver.  The  above  hypothesis  necessitates  the 
identification  and  purification  of  possible  enzymes  capable  of  CL-20  biotransformation. 

The  presence  of  highly  oxidized  NO2  groups  in  CL-20  makes  the  molecule  a  potential 
electrophilic  substrate  in  many  nucleophilic  reactions  (Armstrong,  1997;  Eaton  and  Bammler, 
1999).  Nucleophilic  conjugation  reactions  with  thiols  on  electrophilic  substrates,  formed  via  the 
glutathione  S -transferases  (GST)  enzyme  and  glutathione  (GSH)  are  well  documented 
(Chasseaud,  1979;  Jakoby,  1978).  In  the  present  study,  we  hypothesized  that  CL-20  might  react 
with  a  nucleophile  such  as  glutathione  (GSH)  in  the  presence  of  a  GST  type  enzyme(s)  in  the 
liver.  In  the  present  study  we  report  the  purification  of  an  avian  GST  from  quail  liver  capable  of 
biotransforming  CL-20.  Insights  into  the  biotransformation  of  C  L-20  in  liver  was  studied  using 
LC/MS  in  the  presence  of  uniformly  ring  labeled  [15N]CL-20  and  nitro  labeled  [15NO2]CL-20. 
For  confirmatory  purposes,  we  also  report  the  purification  of  GST  enzyme  from  rabbit 
(Sylvilagus  floridanus)  capable  of  biotransforming  CL-20. 


Materials  and  Methods 

Chemicals  and  reagents.  CL-20  in  the  £-form  (purity  >  95%),  uniformly  ring-labeled  [UL- 
14C]CL-20  (96.7%  chemical  purity,  95.7%  radiochemical  purity,  and  specific  activity  of 
294.5  pCi/mmol),  [UL-15N]CL-20  (87.6%  purity)  and  [UL-15NO2]CL-20  (99.4%  purity)  were 
obtained  from  ATK  Thiokol  Propulsion  (Brigham  City,  Utah,  USA).  Reduced  glutathione 
(GSH),  1 -chi oro-2, 4-dinitrobenzene  (CDNB),  diphenyliodonium  chloride  (DPI),  allopurinol, 
ethacrynic  acid  (EA)  and  S-octylglutathione  (Oct-GSH)  were  purchased  from  Sigma  Chemicals 
(Oakville,  Ontario,  Canada).  Carbon  monoxide  (CO)  was  purchased  from  Aldrich  Chemical 
Company  (Milwaukee,  WI).  Sephadex  G-25  and  GSH-Sepharose  affinity  columns  were  obtained 
from  Amersham  Pharmacia  Biotech  (Uppsala,  Sweden).  All  other  chemicals  and  reagents  were 
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the  highest  grades  of  purity  available  and  were  obtained  from  Sigma  Chemicals.  Deionized  water 
was  obtained  using  a  Zenopure  Mega-90  water  purification  system.  All  glassware  was  washed 
with  phosphate-free  detergent,  rinsed  with  acetone,  and  acid-washed  before  a  final  rinse  with 
deionized  water. 

Enzyme  purification.  All  procedures  including  FPLC™  (Amersham  Pharmacia  Biotech, 
Uppsala,  Sweden)  were  performed  at  4°C  unless  otherwise  stated,  and  according  to  the  method 
described  by  Dai  et  al.  (1996)  with  the  following  modifications.  Protein  purification  columns 
used  in  this  study  were  pre-equilibrated  in  Buffer  A  (PBS;  140  mM  NaCl,  2.7  mM  KC1,  10  mM 
Na?HP04,  1.8  mM  KH2PO4,  pH  7.4)  at  4°C.  Adult  female  quails  (9  weeks  old)  and  adult  rabbits 
were  obtained  from  a  local  farm  (Ferme  Bourgois,  Mirabel,  PQ,  Canada).  Animals  were 
sacrificed  by  decapitation,  livers  were  then  removed,  washed  with  ice-cold  isotonic  saline,  and 
minced  (2-mm  thickness).  Seven  quail  livers  (wet  weight  35  g),  or  rabbit  liver  (wet  weight  40  g) 
were  pooled  and  rapidly  homogenized  in  50  ml  of  phosphate  buffered  saline  (Buffer  A)  using  a 
Polytron  tissue  grinder.  The  homogenate  was  centrifuged  at  I  0,000#  for  30  min,  and  the 
supernatant  was  further  centrifuged  at  I  00,000#  for  60  min.  The  1  00,000#  supernatant 
(containing  cytosol)  was  filtered  through  glass  wool  and  used  for  further  purification.  A  50-ml 
aliquot  of  cytosol  was  then  applied  to  a  Pharmacia  XK-50  desalting  column.  The  desalted  crude 
cytosolic  fraction  was  then  passed  three  times  through  a  XK-16  column  containing  15  ml  of  GSH 
Sepharose  at  1  ml/min.  Following  each  pass  of  crude  cytosol,  the  column  was  washed 
extensively  with  Buffer  A,  and  the  bound  GST  was  eluted  with  50  mM  Tris-HCl  (pH  8.0) 
containing  10  mM  GSH.  Protein  was  monitored  at  280  nm,  and  active  fractions  (those  having 
high  CDNB  conjugating  activity  as  described  below)  were  collected.  The  buffer  was  then 
exchanged  to  Buffer  A,  and  the  protein  was  concentrated  using  Amicon  centrifugal  filter  units 
(15  ml;  10,000  MW  cut  off).  Aliquots  (300  pi)  of  the  above  concentrated  fractions  were  applied 
onto  a  Sepharose  12  column  (previously  equilibrated  with  Buffer  A)  and  eluted  with  the  same 
buffer  at  a  flow  rate  of  0.5  ml/min.  Active  fractions  were  collected  and  pooled.  Protein 
concentration  was  determined  with  a  bicinchoninic  acid  protein  assay  kit  from  Pierce  Chemical 
Company  (Rockford,  IL)  using  bovine  serum  albumin  (BSA)  as  the  standard. 

Sodium  dodecyl  sulphate  -  polyacrylamide  gel  electrophoresis  (SDS-PAGE)  and  N -terminal 
sequencing.  The  SDS-PAGE  was  performed  on  12%  gels  containing  0.1%  SDS  (Lammeli, 
1970)  using  a  BioRad  Mini  Protean  II  electrophoresis  system.  The  loading  volume  was  10  pi 
(containing  1  pg  protein)  per  well.  Molecular  weights  were  determined  from  R/  values  of 
standard  marker  proteins  (BioRad  Hercules,  CA),  and  protein  bands  were  visualized  using  a 
silver  stain.  Gel  analysis  was  carried  out  using  the  Biorad  Quantity  One  Analysis  software.  The 
N-terminal  microsequencing  was  performed  as  described  previously  (Bhushan  et  al.,  2005a). 

Glutathione-S-Transferase  (GST)  Assay.  The  GST  assays  were  performed  in  a  microtiter  plate 
reader  (Bio-Tek  KC4;  Bio-Tek®  Instruments  Inc,  Winooski,  VT)  which  measures  absorbance 
(340  nm)  in  a  96-well  microtiter  plate.  The  GST  activity  was  measured  with  CDNB  as  the 
substrate  and  reduced  GSH  as  the  cofactor.  Solutions  of  CDNB  (20  mM)  dissolved  in  95% 
ethanol,  and  GSH  (20  mM)  were  prepared  fresh  daily  in  a  sodium  phosphate  buffer  (100  mM,  pH 
6.5).  The  reaction  mixture  (250  pi)  contained:  100  mM  sodium  phosphate  buffer  (pH  6.5),  1  mM 
GSH,  and  1  mM  CDNB.  The  ethanolic  concentration  was  less  than  5%  unless  otherwise  stated. 
The  increase  in  absorbance  was  recorded  for  5  min  to  ensure  that  the  reaction  was  completed. 
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The  initial  linear  portion  of  the  response  curve  (i.e.,  between  5  and  35  seconds  after  the  initiation 
of  the  reaction)  was  used  to  determine  the  rate  of  product  formed.  Measurements  were  taken 
every  3  sec.  Nonenzymatic  base  catalyzed  conjugation  of  GSH  with  CDNB  was  subtracted  from 
all  assays,  by  including  a  blank  (buffer  only)  consisting  of  all  of  the  assay  components  except  the 
active  protein.  One  unit  (U)  of  transferase  activity  was  defined  as  the  formation  of  one 
micromole  of  product  (S-2, 4-dinitrobenzene-glutathione)  per  minute,  measured  at  340  nm  using 
an  extinction  coefficient  of  9.6  mM  1  for  the  conjugate  (Habig  et  al.,  1974).  Initial- velocity 
studies  of  the  purified  enzyme  were  performed  using  the  GST  assay  described  above,  except  that 
varying  concentrations  of  CDNB  (from  0.02  to  5  mM)  and  GSH  (from  0.07  to  5  mM)  were  used. 
Apparent  enzyme  kinetic  constants  (app.  Vmax  and  app.  Km)  were  calculated  according  to  the 
Michelis-Menten  equation  using  the  Eadie-Hofstee  plot.  Specific  activities  were  defined  as 
pmol/min/mg  protein  (U/mg). 

CL-20  Biotransformation  Assay.  Enzyme-catalyzed  CL-20  biotransformation  assays  and 
inhibition  studies  were  performed  under  anaerobic  (i.e.,  samples  purged  with  argon  for  15  min) 
or  aerobic  conditions  (air),  using  6-ml  glass  septum-sealed  vials  with  constant  agitation  in  the 
dark  at  37°C  for  2  h.  Each  1-ml  test  unit  contained:  CL-20  (25  pM),  enzyme  preparation  (0.50 
mg  protein)  or  cytosol  (5  mg  protein),  reduced  glutathione  (200  pM)  and  Buffer  A  (described 
above).  The  CL-20  was  used  in  excess  to  its  water  solubility  (8.2  pM)  to  allow  detection  of  trace 
amounts  of  intermediate(s).  Inhibition  studies  were  assessed  by  incubating  cytosol  or  pure 
enzyme  preparation,  with  the  following  inhibitors:  diphenyliodonium  chloride  (DPI),  allopurinol, 
ethacrynic  acid  (EA),  S-octylglutathione  (Oct-GSH),  and  carbon  monoxide  (CO).  The  reaction 
was  stopped  by  addition  of  1  ml  acetonitrile,  vortexed  and  placed  in  the  dark  at  4°C  for  1  h  to 
allow  for  protein  precipitation.  The  solution  was  subsequently  filtered  through  a  0.45  pm 
membrane.  The  CL-20  concentrations  were  measured  by  high-pressure  liquid  chromatography 
(HPLC),  as  described  below.  Activity  of  the  enzymatic  biotransformation  of  CL-20  was  defined 
as  nmole  CL-20  per  min  per  mg  protein.  Controls  included:  PBS  only,  GSH  only,  enzyme 
preparation  (EP)  only,  EP  +GSH,  GSH  +  CL-20,  EP  +  CL-20,  and  CL-20  with  and  without 
NADPH.  Other  CL-20  biotransformation  assays  were  carried  out  as  described  above  using  [UL- 
14C]CL-20,  [UL-15N]CL-20,  [UL-15NO2]CL-20,  to  help  identify  reaction  intermediates. 

Analytical  Procedures.  Nitrite  and  nitrate  concentrations  were  quantified  using  a  reverse  polarity 
capillary  electrophoretic  method  described  by  Okemgbo  et  al.  (1999)  and  used  by  Balakrishnan 
et  al.  (2003).  Briefly,  an  Agilent  3D  CE  system  was  fitted  with  a  bare  silica  bubble  capillary 
(total  length  64.5  cm,  effective  length  56  cm,  internal  diameter  50  pm).  The  separation  buffer 
(pH  9.2)  contained  25  mM  sodium  tetraborate  and  25  mM  hexamethonium  bromide.  Injections 
were  performed  hydrodynamically  (25  sec,  50  mbar,  injection  volume  34  nl).  The  separation 
voltage  was  -30  kV  (cathode  at  inlet).  Quantification  was  obtained  by  peak  area  using  direct 
absorbance  at  220  nm.  Using  commercial  external  standards  (Alltech  Assoc.,  Deerfield,  IL, 
USA),  the  instrumental  quantification  limit  was  0.2  ppm  (N  =  10,  peak  area  4.5  mAU-s,  RSD 
3.9%).  The  GSH  was  quantified  according  to  Hissin  and  Hilf  (1976).  Glyoxal  was  quantified  as 
previously  described  (Bhushan  et  al.,  2004b).  Analyses  of  formate  (HCOO),  glycolate 
(HOCH2COO‘)  and  oxalate  were  performed  by  ion  chromatography  (IC)  equipped  with  a 
conductivity  detector  as  previously  described  (Balakrishnan  et  al.,  2004a). 
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CL-20  was  quantified  by  HPLC-UV  as  previously  described  (Bardai  el  al.,  2005).  For  the 
determination  of  [UL-14C]CL-20  and  its  biotransformation  products,  an  HPLC  system  composed 
of  a  Waters  717  Plus  autosampler,  a  Model  128  Beckman  pump,  LCN  column  (25  cm  x  4.6  mm 
ID,  5  pm  particles;  Supelco,  Bellefonte,  PA,  USA),  a  Beckman  UV  detector  (X=230  nm),  and  a 
radioisotope  detector  (In/Us)  were  used.  The  column  heater  was  set  to  27°C.  The  mobile  phase 
consisted  of  acetonitrile/water  (70/30,  v/v)  delivered  at  1.0  ml/min.  The  sample  volume  injected 
was  100  pi  with  a  50-min  run  time.  Radioactivity  counts  were  performed  in  a  liquid  scintillation 
counter  (Tri-Carb  2100TR;  Canberra,  Concord,  Ontario).  The  [14C]CL-20  mass  balance  was 
calculated  by  determining  the  radioactivity  collected  in  eluate  fractions  (3  ml)  for  the  entire 
analysis  period  compared  to  total  [14C]CL-20  activity. 

A  Bruker  bench-top  ion  trap  mass  detector  attached  to  a  Hewlett  Packard  1100  Series  HPLC 
system  equipped  with  a  PDA  detector  was  used  to  identify  reaction  intermediates.  The  samples 
were  injected  into  a  3-5  pm-pore  size  Intersil  CN  capillary  column  (0.5  mm  ID  by  150  mm; 
Alltech,  IL)  at  25°C.  The  solvent  system  was  composed  of  a  MeCN/Water  gradient  (10  %  v/v  to 
70  %  v/v)  at  a  flow  rate  of  12  pl/min.  For  mass  analysis,  ionization  was  performed  in  a  negative 
electrospray  ionization  mode  ES(-),  producing  mainly  the  deprotonated  molecular  mass  ions 
[M-H]“  or  adduct  mass  ions  [M+NCL]”  for  CL-20  and  [M-2H  +Na]“  for  intermediate  products. 
The  mass  range  was  scanned  from  100  to  800  Da. 

Statistical  Analysis.  Differences  between  the  test  and  control  samples  were  considered 
significant  at  P  <  0.05,  using  the  Student’s  t-test  for  unpaired  data.  Statistical  analysis  was 
performed  using  JMPIN  (Version  4,  SAS®  Institute,  Cary,  NC,  USA).  The  GST  kinetic  constants 
(Km  and  Vmax)  were  determined  by  Eadie-Hofstee  plots,  and  were  compared  to  the  Km  and  Vmax 
constants  generated  by  the  Michelis-Menten  equation  using  Kaleidagraph®  (Reading,  PA). 


Accomplishments 

Enzyme  purification  studies.  Table  24  shows  the  CDNB  and  CL-20  specific  activities, 
distribution  and  recovery  from  the  purification  of  hepatic  glutathione  S-transferase  for  both  quail 
and  rabbit.  The  specific  CL-20  biotransformation  rate  in  quail  liver  increased  from  0.006  to  0.017 
nmol/min/mg  protein,  with  each  successive  supernatant  fraction  ( 1 0,000#  or  I  00,000#),  while  the 
specific  GST  activity  remained  the  same.  However,  for  rabbit  both  the  GST  activity  (10  times 
quail)  and  removal  rate  of  CL-  20  remained  the  same  in  both  the  1 0,000#  or  I  00,000#  fractions 
(Table  24).  Furthermore,  the  amount  of  CL-20  biotransformed  under  anaerobic  conditions  was 
greater  than  that  under  aerobic  conditions  in  the  cytosol  fractions  (Table  25).  To  identify  the 
possible  enzymes  capable  of  CL-20  biotransformation  in  the  cytosol,  we  tested  several 
nonspecific  and  specific  enzymes  inhibitors  to  enzymes  known  to  biotransform  CL-20.  Such 
enzymes  include  diphenyliodonium  chloride  (DPI,  an  inhibitor  of  flavoenzymes)  (Bhushan  el  al., 
2003a),  carbon  monoxide  (a  cytochrome  P450  inhibitor),  allopurinol  (a  xanthine  oxidase 
inhibitor)  (Bhushan  et  al.,  2003b),  ethacrynic  acid  (EA,  a  GST  inhibitor)  (Cameron  el  al.,  1995; 
Poleman  et  al.,  1993;  Schultz  et  al.,  1997),  and  S-octylglutathione  (Oct-GSH,  a  glutathione 
analogue.  Only  EA  and  Oct-GSH  was  found  to  cause  a  significant  decrease  in  the 
biotransformation  of  CL-20  in  the  crude  liver  cytosol  of  quail  (Table  25)  and  rabbit  (data  not 
shown). 
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Table  24  Purification  of  hepatic  glutathione  S-transferase  from  quail  or  rabbit 


Purification  Step 

Total  Protein 
(mg) 

Total  Activity 
(U) 

GST 
Specific 
activity  a 

CL-20 
Specific 
activity  b 

Purification 

(-fold) 

Recovery 
(%)  ' 

Ratioc 

Quail 

1.  Crude  Homogenate 

6422 

1416 

0.22 

0.004 

1.0 

52 

2.  10,000g  supernatant 

3845 

1060 

0.27 

0.006 

1.5 

74 

39 

3.  KXXOOOg  supernatant 

1921 

508 

0.26 

0.017 

4.3 

36 

15 

4.  GST-Affinity  Chromatography 

12 

245 

20.5 

0.30 

75 

17 

68 

Rabbit 

1.  Crude  Homogenate 

10226 

26106 

2.6 

0.008 

1.0 

325 

2.  10,000g  supernatant 

5378 

12611 

2.3 

0.012 

1.5 

48 

192 

3.  KXXOOOg  supernatant 

3545 

10657 

3.0 

0.014 

1.8 

41 

214 

4.  GST-Affinity  Chromatography 

99 

3001 

30 

0.40 

50 

11.5 

75 

d  Specific  activity  measured  according  to  Habig  el  al.  (1974),  using  l-chloro-2, 4-dinitrobenzene  (CDNB)  as  substrate  (U/mg  protein) 
b  Specific  activity  of  CL-20  disappearance  (nmol/min/mg  protein) 

c  Calculated  as  Specific  activity  of  CDNB  (U/mg  protein)/Specific  activity  of  CL-20  (nmol/min/mg  protein 
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Table  25  Effects  of  enzyme  inhibitors  and  incubation  conditions  on  CL-20  biotransformation  activity  in 
quail  liver  whole  cytosol 


nhibitor  (100  pM)  or  Incubation  Condition 

%  CL-20  biotransformed  * 

%  Activity 

Anaerobic 

37.1  ±  1.3a 

100 

Aerobic 

19.8  ±3.2 

53 

Diphenyliodonium  (DPI) 

34.4  ±  2. lns 

93 

Carbon  monoxide  (CO) 

35.8  ±  1.9ns 

96 

Ethacrynic  acid  (EA) 

2.5  ±  1.6b 

7 

Allopurinol 

40.3  ±  1.3ns 

108 

S -octyl glutathione  (Oct-GSH) 

7.5  ±  0.9b 

20 

*  Mean  +  SE.  (n=3).  Hundred  percent  activities  was  equivalent  to  0.01  nmol  CL-20  transformed  per  mg  protein  per 
min.  “Significantly  different  from  control  (Aerobic  incubation)  at  P  <  0.05.  b  Significantly  different  from  control 
(Anaerobic  incubation)  at  P  <  0.05. ns  denotes  no  significant  difference  vs.  control  (Anaerobic  incubation)  (P  >  0.05) 


Enzyme  identification  studies.  The  SDS-PAGE  analysis  of  the  proteins  (quail)  eluted  from  the 
GSH  affinity  column  resolved  two  bands,  which  were  identified  as,  QL1  and  QL2  (Figure  60, 
Lane  3)  and  were  estimated  to  be  ~  27  and  ~28  kDa,  respectively,  within  the  range  of  the 
molecular  masses  reported  for  avian  GSTs  (24-30  kDa)  (Chang  et  al.,  1990;  Hsieh  et  al.,  1999; 
Yeung  and  Gidari,  1980).  The  bands  from  the  rabbit  preparation  were  estimated  to  be  ~  28  and 
29  kDa.  Partial  N-terminal  amino  acid  sequence  analysis  of  QL1  and  QL2  is  listed  in  Table  26. 
An  alignment  of  the  N-terminal  amino  acid  sequence  of  QL1  with  the  corresponding  chicken  and 
quail  class  (QL2)  mu  sequences  shows  100%  homology  for  the  first  9  amino  acids.  Alignment  of 
QL2  (class  alpha  and  mu)  with  the  corresponding  chicken  sequence,  shows  100%  homology  for 
the  first  12  amino  acids,  indicating  that  two  different  GSTs  were  retained  on  the  affinity  column. 
This  confirms  that  the  enzymes  responsible  for  CL-20  biotransformation  are  GST  type  enzymes, 
and  were  used  for  CL-20  biotransformation  assays. 

Time  course  of  CL-20  biotransformation  in  vitro.  Biotransformation  of  CL-20  only  occurred 
when  CL-20  was  incubated  in  the  presence  of  both  the  partially  purified  enzyme  and  GSH.  This 
reaction  was  completely  inhibited  in  the  presence  of  ethacrynic  acid  for  quail  and  rabbit  (data  not 
shown)  and  yielded  results  that  were  consistent  with  those  obtained  using  whole  cytosol  (Table 
25).  The  incubation  of  CL-20  with  only  GSH  (i.e.,  no  enzyme  added)  did  not  cause 
biotransformation  of  CL-20. 

Also,  no  CL-20  biotransformation  was  observed  when  CL-20  was  incubated  with  other  stronger 
reducing  agents  such  as  P-mercaptoethanol  (BME),  dithiothreitol  (DTT),  or  NADPH,  (data  not 
shown).  Time  course  studies  for  both  quail  and  rabbit  purified  GST  incubated  with  CL-20  under 
aerobic  conditions,  showed  that  the  disappearance  of  CL-20  (0.30  ±  0.05  and  0.40  ±  0.02 
nmol/min/mg  protein  for  quail  and  rabbit,  respectively)  was  accompanied  by  a  decrease  in  GSH 
(Figure  61)  and  the  formation  of  nitrite  using  the  quail  or  rabbit  GSTs  (Figure  61).  The 
accumulation  of  nitrate  (NO3’)  was  not  detected  in  significant  amounts  when  compared  to 
controls  (data  not  shown). 
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Figure  60  Silver  stain  of  SDS-PAGE  purification  of  quail  and  rabbit  hepatic  cytosolic  CL-20  degrading 
enzyme.  Lane  1,  molecular  weight  markers  from  top  to  bottom  (97  kDa  Phosphorylase  b,  66  kDa  Serum 
albumin,  45  kDa  Ovalbumin,  31  kDic  anhydrase,  21.5  kDa  Trypsin,  14.4  kDa  Lysozyme);  Lane  2,  total 
rabbit  proteins  eluted  from  the  Glutaa  Carbonthione  affinity  column;  Lane  3,  total  quail  proteins  (QL1 
and  QL2)  eluted  from  the  Glutathione  affinity  column. 

Carbon  Recovery  and  Metabolite  Identification.  To  determine  the  carbon  recovery  of  CL-20 
biotransformation,  we  carried  out  time  course  studies  using  [UL-14C]CL-20.  We  detected  two 
peaks  that  eluted  with  retention  times  (Rt)  of  4  and  5  min  (Figure  62).  The  sum  of  radioactivity 
obtained  from  these  peaks  and  the  remaining  radioactivity  in  unreacted  CL-20  (27  min), 
accounted  for  100%  of  original  radioactivity  in  the  munition  compound  (inset  Figure  62). 

Degradation  products  of  CL-20  were  identified  by  their  deprotonated  molecular  mass  ion  [M-H] 
using  LC/MS  (ES-).  The  two  peaks,  M  and  M’  detected  with  Rt  at  2.5  and  4.9  min,  respectively 
(Figure  63A),  showed  the  same  [M-H]  at  699  Da  (Figure  63D),  each  matching  a  molecular 
formula  of  C16H24N14O16S.  Using  uniformly  ring  labeled  15N-[CL-20]  and  uniformly  labeled 
15NC>2-[CL-20]  the  two  intermediates  M  and  M’  showed  their  [M-H]  at  705  Da  (an  increase  of  6 
amu,  Figure  63E)  and  at  704  Da  (an  increase  of  5  amu,  Figure  63F),  respectively,  suggesting  the 
involvement  of  six  15N  atoms  from  the  ring  and  five  15N  atoms  from  NO2  in  the  formation  of 
each  intermediate.  Insets  63B  and  63C  show  the  UV  spectra  of  both  metabolites. 
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Table  26  N-Terminal  Amino  Acid  Sequences  of  Glutathione  S-Transferases 


Transferase 

Alignment  of  N-terminal  amino  acid 
sequences 

GenBank  primary 
accession  number 

Reference 

Quail  GST  QL1  (class-mu) 

nh2- 

VVTLGYWDI 

This  study 

Chicken  GST  (class-mu) 

VVTLGYWDI 

RGLAHA 

S18464 

(Chang  et  al.,  1990) 

Mouse  GST  (class-mu  6) 

Ml 

PVTLGYWDlj 

RGLAHA 

CAA04060 

(DeBruin  et  al.,  1998) 

Quail  GST  QL2  (class  mu) 

E 

dVTLGYWDI] 

RGLAA 

(Dai  et  al.,  1996) 

Quail  GST  QL2  (class  alpha) 

nh2- 

S  GKPRLTYLN  GR 

This  study 

Chicken  GST  (class  alpha) 

- 

SGKPRLTYVNGR 

|grmesir 

NP990149 

(Hsieh  et  al.,  1999) 
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Figure  61  Time  course  study  of  enzyme  dependent  biotransformation  of  CL-20  under  aerobic 
conditions.  Symbols  indicate  concentration  of  CL-20  remaining  (-•-),  nitrite  (-A-),  or  GSH  (-■-). 
Incubation  conditions:  37°C,  2  h  under  aerobic  conditions.  Data  are  the  means  of  triplicates,  and  error 
bars  represent  SE. 


We  have  shown  earlier  that  15-d  subacute  and  42-d  subchronic  treatment  of  CL-20  to  adult  quail 
led  to  increased  liver  weights  and  elevated  plasma  aspartate  transferase  activities  in  treated  birds, 
and  significant  developmental  effects  on  embryos  (Bardai  et  al.,  2005).  Despite  these  effects,  CL- 
20  was  not  detected  in  the  plasma  or  in  selected  organs  (brain,  spleen,  heart,  and  liver)  of  CL-20- 
treated  birds.  We  therefore  carried  out  a  series  of  experiments  to  test  the  possibility  that  CL-20 
can  be  biotransformed  in  vitro  using  hepatic  subcellular  fractions  and  partially  purified  enzyme 
preparations  taken  from  untreated  birds. 

Results  of  the  present  studies  indicate  that  GST  is  involved  in  the  biotransformation  of  CL-20  in 
vitro.  The  GST  from  quail  and  rabbit  liver  were  isolated  from  crude  cytosol  using  GSH  affinity 
chromatography  (Table  24).  The  quail  GST  type  enzyme  that  was  eluted  from  the  affinity  column 
(Figure  61)  had  a  specific  activity  of  20.5  U/mg  protein,  which  is  comparable  to  that  of  the 
purified  quail  GST  (24.8  U/mg)  described  by  Dai  et  al.  (1996).  The  rabbit  GST  type  enzyme  had 
a  specific  activity  of  30  pmol/min/mg  protein  (Table  24).  The  similar  ratios  of  CDNB/CL-20 
specific  activity  for  crude  extract  and  purified  GST  for  quail  (Table  24)  show  that  all  of  the 
important  CL-20  biotransformation  activity  was  purified  from  the  crude  extract. 
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Figure  62  Time  course  study  of  enzyme  dependent  biotransformation  of  CL-20  under  aerobic 
conditions.  Symbols  indicate  concentration  of  CL-20  remaining  (-•-),  nitrite  (-A-),  or  GSH  (-■-). 
Incubation  conditions:  37°C,  2  h  under  aerobic  conditions.  Data  are  the  means  of  triplicates,  and  error 
bars  represent  SE. 

When  CL-20  was  incubated  with  purified  GST  in  the  presence  of  other  stronger  reducing  agents 
such  as  BME,  DTT,  or  NADPH,  we  found  that  no  CL-20  biotransformation  occurred.  These 
results  indicate  that  even  though  it  is  a  highly  oxidized  molecule,  CL-20  can  not  be 
biotransformed  by  simple  reduction  without  the  presence  of  both  enzyme  and  GSH.  The  absolute 
requirement  of  both  GSH  and  enzyme  for  the  biotransformation  of  CL-20  offers  further  evidence 
that  the  enzyme  responsible  for  the  biotransformation  of  CL-20  may  be  a  GST  enzyme.  The 
diuretic  drug  ethacrynic  acid  (EA),  an  a,p-unsaturated  ketone,  and  the  glutathione  analogue  S- 
octylglutathione  both  inhibited  the  biotransformation  of  CL-20  (Table  25).  Glutathione  analogues 
bearing  hydrophobic  R  groups  are  effective  inhibitors  of  cytosolic  GSTs  via  simultaneous 
occupation  of  the  peptide  and  substrate  binding  site.  Lor  example,  Poleman  et  al.  (1993)  and 
Cameron  et  al.  (1995)  reported  that  EA  may  bind  to  the  active  site  of  GST  when  it  is  used  both 
as  a  substrate  and  as  a  competitive  inhibitor  of  GST. 
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Figure  63  Extracted  ion  chromatogram  of  CL-20  and  its  intermediates  M  and  M’  (A)  obtained  by  LC- 
MS  of  a  mixture  of  CL-20  incubated  for  20  minutes  with  GSH  and  cytosolic  enzymes  of  quail.  The  UV 
spectrum  of  M  (inset  B)  and  M’  (inset  C)  are  indicated.  The  mass  spectrum  of  M’  obtained  for 
intermediate  of  non  labeled  CL-20  (D),  intermediate  of  15N  ring  labeled  CL-20  (E)  and  intermediate  of 
15N02  labeled  CL-20  (L). 
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Thus  far  only  bacterial  enzymatic  biotransformation  of  CL-20  under  anaerobic  conditions  has 
been  reported  (Bhushan  et  al.,  2003a,  2004a, b,  2005a).  In  these  studies  biotransformation  is 
suggested  to  proceed  via  initial  formation  of  a  CL-20  radical  anion  by  the  transfer  of  an  electron 
from  NADH  to  CL-20  followed  by  rapid  denitration.  However,  under  aerobic  conditions 
molecular  oxygen  (CL)  quenches  the  electron  from  the  CL-20  anion  radical,  converting  it  back  to 
the  parent  molecule.  In  the  present  study,  we  found  that  CL-20  was  preferably  biotransformed  in 
crude  hepatic  cytosol  under  anaerobic  conditions  (Table  25)  whereas  the  partially  purified 
enzyme  biotransformed  CL-20  at  the  same  rate  under  either  aerobic  or  anaerobic  conditions.  A 
possible  explanation  for  this  observation  is  that  under  aerobic  conditions,  certain  cellular 
oxidases  including  lipoxygenase,  cyclooxygenase,  xanthine  oxidase,  etc.  within  the  liver  cytosol 
may  form  reactive  oxygen  species  (ROS)  or  radicals  that  would  normally  be  removed  by  the 
GSH  antioxidant  system  (Mates  et  al.,  2000;  Meister  and  Anderson,  1983).  It  is  thus  possible  that 
the  amount  of  GSH  available  to  participate  in  the  biotransformation  of  CL-20  in  crude  cytosol 
under  aerobic  conditions  would  be  decreased.  However,  under  anaerobic  conditions,  the  rate  of 
ROS  formation  decreases  in  the  cytosol  and  amount  of  GSH  available  to  participate  in  the 
biotransformation  of  CL-20  increases.  Therefore,  the  use  of  a  pure  enzyme  should  not  show 
differences  in  activity.  We  observed  that  the  biotransformation  of  CL-20  using  the  partially 
purified  enzyme  preparation  was  not  affected  by  ambient  conditions  (data  not  shown). 

Figure  61  shows  that  the  disappearance  of  CL-20  is  accompanied  with  the  formation  of  nitrite, 
suggesting  the  initial  occurrence  of  denitration.  Biotransformation  of  CL-20  via  an  initial 
denitration  has  been  observed  in  both  biotic  and  abiotic  systems  (Balakrishnan  et  al.,  2003; 
Bhushan  et  al.,  2004a).  Ogawa  et  al.  (1995a,  b)  demonstrated  that  the  biotransformation  of  the 
organic  nitrate  esters,  nitroglycerin  and  isosorbide  dinitrate  occurred  in  rabbit  cytosol.  These 
authors  also  demonstrated  that  the  denitration  of  these  compounds  was  potentiated  by  the 
presence  of  GSH,  and  was  inhibited  by  S-alkyl  GSH,  a  glutathione  analogue  similar  to  S- 
octylglutathione  used  in  the  present  study.  Also,  we  detected  glyoxal  (data  not  shown)  indicating 
the  occurrence  of  complete  ring  cleavage.  This  is  in  line  with  the  formation  of  glyoxal  following 
denitration  of  CL-20  under  both  abiotic  (Balakrishnan  et  al.  2004a)  and  biotic  conditions 
(Bhushan  et  al.  2004a,  b).  The  formation  of  glyoxal  may  explain  the  decrease  in  GST  enzyme 
activity  (Fig.  2)  because  glyoxal  can  react  with  amino  acids,  specifically  arginine  residues  present 
in  proteins  (Odani  et  al.,  1998).  Recently,  Bhushan  et  al.  (2004a,  b;  2005a)  demonstrated  that  a 
model  flavin  containing  enzymes  and  a  dehydrogenase  can  biodegrade  CL-20  under  anaerobic 
conditions  via  initial  denitration  to  eventually  produce  glyoxal,  formic  acid,  and  ammonia. 

To  determine  the  biotransformation  intermediates  of  CL-20  we  conducted  in  vitro 
biotransformation  assays  using  [14C]CL-20  and  [15N]CL-20.  Data  indicates  that  CL-20  was 
biotransformed  into  two  polar  intermediates,  as  evidenced  by  the  two  radioactive  peaks  obtained 
with  Rt  at  4  and  5  min.  (Figure  62  and  inset).  Using  LC/MS  we  also  detected  two  intermediates 
with  the  same  [M-H]  at  699  Da  and  a  characteristic  fragment  ion  447  Da,  therefore  presumed  to 
be  isomers  of  the  same  empirical  formula  C16H24N14O16S  (Figure  63).  Figures  63B  and  64C 
show  that  the  metabolites  while  having  identical  masses  also  show  identical  UV  spectra,  offering 
further  evidence  that  both  intermediates  may  share  similar  structures  and  functional  groups. 
When  we  used  the  uniformly  ring-labeled  [15N]CL-20  the  [M-H]  of  M  and  M’  were  observed  at 
705,  indicating  an  increase  in  mass  by  6  Da,  showing  the  presence  of  all  six  [15N]-ring  atoms  in 
the  metabolites.  Whereas  the  characteristic  fragment  ion,  previously  shown  at  447  Da  (Figure 
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63D)  increased  to  449  Da,  indicating  the  presence  of  two  15N-ring  atoms  in  the  fragment  (Figure 
63E).  Experiments  performed  with  [15NO?]CL-20  yielded  [M-H]  products  at  704  Da, 
indicating  the  incorporation  of  five  [15NC>2]  in  the  metabolite.  The  mass  change  observed  for  the 
fragment  ion  was  448  Da,  an  increase  of  1,  corresponding  to  the  presence  of  one  15NC>2  atom  in 
the  fragment  (Figure  63F).  The  involvement  of  GSH  in  these  intermediates  is  confirmed  by  the 
detection  of  the  mass  ion  fragment  306,  272,  and  128  Da  are  characteristics  of  GS  involvement 
(Figure  63D,  E  and  F).  The  deprotonated  mass  of  GSH  (306)  and  the  fragmentation  masses  of 
128  and  272  have  been  observed  in  other  GSH  conjugated  products  (Dieckhaus  et  al.  2005).  The 
two  peaks  were  thus  tentatively  identified  as  a  pair  of  isomers  of  a  product  formed  after  the  loss 
of  one  nitro  group  from  CL-20  and  conjugated  with  GSH  (Figure  64). 

Figure  64  shows  a  proposed  pathway  of  CL-20  biotransformation  with  a  proposed  intermediate 
and  the  structure  of  the  two  possible  isomers.  The  biotransformation  of  hydrophobic  compounds, 
such  as  CL-20,  into  more  polar  and  excretable  derivatives  is  a  physiological  role  of  the  liver.  One 
of  the  consequences  of  biotransformation  by  the  liver  is  the  propensity  of  a  molecule  to  form  a 
chemically  reactive  metabolites  usually  electrophiles.  Glutathione  conjugation  reactions 
involving  GST  are  typical  examples  of  biotransformation  reactions  that  may  lead  to  the 
production  of  chemically  reactive  metabolites  (Armstrong,  1997).  Results  presented  in  this  article 
indicate  that  the  quail  liver  contains  GST  capable  of  transforming  CL-20  in  vitro  into  a  CL-20 
glutathione  conjugate.  It  is  possible  that  the  increase  in  hepatic  liver  enzymes  and  liver  weights 
which  we  previously  observed  in  CL-20  treated  animals  (Bardai  et  al.,  2005),  could  have  been  as 
a  result  of  cellular  damage  of  hepatocytes  caused  by  the  reactive  glutathione  CL-20  conjugate. 

The  conjugated  structures  proposed  in  the  present  article  (Figure  64)  have  reactive  functional 
groups,  such  as  aldehydes  and  a  diazoniumhydroxide  moiety  (R-N=N-OH)  that  may  react  with 
biological  receptors  causing  damage.  For  example  NHOH  containing  molecules,  although  are 
not  completely  identical  to  N=N-OH  have  been  reported  to  cause  embryonic  cytotoxicity 
induced  via  a  free  radical  mechanism  (DeSesso  et  al.,  2000).  The  embryonic  cytotoxicity  induced 
required  the  presence  of  a  terminal  hydroxylamine  group  for  initiation  (DeSesso  et  al.,  2000)  and 
may  be  implicated  in  the  developmental  toxicity  we  previously  observed  (Bardai  et  al.,  2005). 
Whether  the  possible  CL-20  metabolic  product(s)  may  lead  to  adverse  health  effects  in  exposed 
individuals  or  non-target  receptors  is  not  presently  known. 

In  summary,  we  report  the  partial  purification  of  avian  and  mammalian  enzymes  that  are  capable 
of  significantly  degrading  CL-20.  The  enzyme  preparation  from  quail  described  in  this  article 
contained  a  mixture  of  both  a  and  p  type  GSTs  that  showed  100%  homology  to  the  first  12 
amino  acids  on  similar  chicken  GST.  Biotransformation  of  CL-20  was  accompanied  with  the 
release  of  nitrite  and  the  removal  of  glutathione  as  demonstrated  by  the  observation  of  two  key 
intermediates  that  were  tentatively  identified  as  GS  conjugate  adducts  with  denitrated  C  L-20. 
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Figure  64  Proposed  biotransformation  pathway  of  CL-20  with  GSH. 
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XIX.3  Toxicity  and  bioaccumulation  of  CL-20  in  ryegrass  Lolium  perene  as 
compared  to  RDX  and  HMX 

Research  findings  in  from  this  task  is  in  the  following  manuscript. 

Sylvie  Rocheleau,  Majorie  Martel,  Genevieve  Bush,  Roman  G.  Kuperman,  Jalal  Hawari,  and 
Geoffrey  I.  Sunahara.  Toxicity  and  bioaccumulation  of  CL-20,  RDX  and  HMX  in  ryegrass 
Lolium  perenn  (In  preparation) 


Abstract 

Some  studies  are  available  on  the  toxicity  of  CL-20  but  very  few  address  the  bioaccumulation 
potential  of  CL-20  to  soil  organisms.  The  objectives  of  this  study  were  to  evaluate  the  toxicity 
and  the  bioaccumulation  potential  of  CL-20  as  compared  to  RDX  and  HMX  in  perennial  ryegrass 
Lolium  perenne  L.  exposed  to  a  Sassafras  sandy  loam  (SSL)  soil  and  a  sandy  soil  (DRDC) 
containing  different  clay  content  (11%  and  0.3%,  respectively)  and  using  multiple 
concentrations.  In  the  SSL  soil,  CL-20  inhibited  shoot  growth  at  concentration  at  and  below  960 
mg  kg'1,  stimulated  shoot  growth  at  9604  mg  kg  1  and  inhibited  root  growth  at  9604  mg  kg'1.  In 
DRDC  soil,  the  only  significant  deleterious  effect  of  CL-20  was  established  for  shoot  growth  at 
9810  mg  kg'1  after  42  days  of  exposure.  Greater  CL-20  ryegrass  tissue  concentrations  were  found 
when  grown  in  DRDC  soil  with  lower  clay  content  suggests  that  this  sandy  soil  can  sustain 
greater  bioavailability  of  CL-20,  as  compared  with  the  SSL  soil.  At  the  greater  exposure 
concentrations  ranging  between  9604  and  10411  mg  kg'1,  the  bioaccumulation  factor  (BAF)  for 
RDX  (0.14)  was  7-  and  14-times  greater  than  BAFs  for  HMX  (0.02)  or  CL-20  (0.01), 
respectively.  The  greater  bioaccumulation  of  RDX  in  ryegrass  tissue  may  be  due  to  the  greater 
solubility  of  this  compound  as  compared  to  CL-20  and  HMX.  The  BAFs  greater  than  one  (1.5, 
8.4  and  19.2)  for  ryegrass  exposed  to  low  CL-20  concentrations  (9-1 1  mg  kg'1)  indicate  that  CL- 
20  can  bioaccumulate  in  plants  and  that  CL-20  may  potentially  biomagnify  across  the  food  chain. 
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Introduction 


Hexanitrohexaazaisowurtzitane  or  CL-20  is  a  newly  developed  energetic  compound  which  has 
enhanced  performance  in  detonation  velocity  as  compared  to  hexahydro- 1,3, 5-trinitro- 1,3,5- 
triazine  (RDX)  and  octahydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine  (HMX)  (Larson  el  al.,  2002). 
Information  on  the  environmental  impacts  of  CL-20  is  limited.  Gong  et  al.  (2004)  determined 
that  CL-20  has  no  toxic  effect  on  the  bioluminescence  of  marine  bacteria  Vibrio  fischeri 
(Microtox)  and  on  the  cell  density  of  fresh  water  algae  Selenastrum  capricomutum,  up  to  CL-20 
water  solubility  level  (3.2  mg  l'1).  At  concentrations  up  to  10,000  mg  kg'  ,  Gong  et  al.  (2004) 
also  determined  that  CL-20  had  no  toxic  effect  on  the  activity  of  soil  ammonium  oxidizing 
bacteria,  and  on  growth  of  alfalfa  Medicago  sativa  L.  and  perennial  ryegrass  Lolium  perenne  L. 
in  a  Sassafras  sandy  loam  soil.  Robidoux  et  al.  (2004)  showed  that  CL-20  was  lethal  to 
earthworm  Eisenia  andrei  at  concentrations  of  91  mg  kg'1  in  Sassafras  sandy  loam  soil  (SSL)  and 
had  deleterious  effect  on  its  reproduction  at  concentrations  of  0.2  and  1.6  mg  kg  1  in  SSL  and  in 
forest  sandy  soil,  respectively.  Dodard  et  al.  (2005)  showed  that  CL-20  amended  in  three  types  of 
soil  (SSL,  agricultural,  and  composite  agricultural-forest  soils)  was  lethal  and  inhibited  the 
reproduction  of  enchytraeid  worms  ( Enchytraeus  crypticus  Westheide  &  Graefe  1992  and  E. 
albidus  Hence  1837),  with  EC50  values  ranging  from  0.1  to  0.7  and  0.08  to  0.62  mg  kg'1, 
respectively.  Similar  toxicity  of  CL-20  to  E.  crypticus  was  reported  by  Kuperman  et  al.  (2006). 
In  Japanese  quail  ( Coturnix  coturnix  japonica)  sub-acute  and  sub-chronic  feeding  studies,  Bardai 
et  al.  (2005)  demonstrated  that  CL-20  decreased  the  adult  body  weight,  increased  the  adult  liver 
weight,  plasma  sodium  and  creatin  levels,  and  impacted  the  embryo  development. 

The  ecotoxicity  of  RDX  and  of  HMX  has  been  more  extensively  studied.  Bentley  et  al.  (1984) 
determined  that  HMX  was  not  lethal  to  the  water  flea  Daphnia  magna  and  to  the  fathead  minnow 
Pimephales  promelas  up  to  its  water  solubility  (3.3  mg  l'1).  Bentley  et  al.  (1977)  also  determined 
that  RDX  and  HMX  were  toxic  to  the  fish  Lepomis  macrochirus ,  with  LC5o-96h  of  3.6  mg  1  'and 
0.015  mg  l'1,  respectively.  HMX  did  not  affect  the  lettuce  Lactuva  sativa  L.  and  barley  Hordeum 
vulgare  growth  at  concentrations  up  to  1866  and  3320  mg  kg  1  in  silica  artificial  soil  and  sandy 
forest  soil,  respectively  (Robidoux  et  al.,  2003).  In  a  comparative  study  on  the  toxicity  of  RDX  to 
fifteen  terrestrial  plants  exposed  to  concentrations  up  to  4,000  mg  kg'1,  Winfield  et  al.  (2004) 
determined  that  the  sunflower  Helicinthus  annuus  L.  was  the  most  sensitive  plant  exhibiting 
several  adverse  developmental  effects,  while  RDX  caused  only  yellow  spots  on  ryegrass  Lolium 
perenne  L.  leaves.  RDX  or  HMX  had  no  adverse  effect  in  freshly  amended  SSL  soil  on  potworm 
E.  crypticus  adult  survival  and  juvenile  production  at  concentrations  up  to  1,194  and  21,750  mg 
kg'1,  respectively  (Kuperman  et  al.,  2003).  RDX  or  HMX  had  no  effect  on  earthworm  Eisenia 
fetida  adult  survival,  but  respective  EC20  values  of  1.2  and  2.7  mg  kg  1  for  decreased  cocoon 
production  were  established  for  exposures  in  freshly  amended  SSL  soil.  Toxicity  data  to  cyclic 
nitramines  by  most  soil  test  species  reviewed  above  does  not  provide  information  on  their 
bioaccumulation  potential  in  ecological  receptors.  Such  bioaccumulation  potential  requires 
investigation  to  assess  ecological  risks  of  food  chain  transfer  of  CL-20,  RDX,  and  HMX  to 
higher  trophic  levels  (Major  et  al.,  2002). 

The  objectives  of  these  studies  were  to  evaluate  the  toxicity  and  the  bioaccumulation  potential  of 
CL-20  as  compared  to  RDX  and  HMX  in  perennial  ryegrass  L.  perenne  exposed  to  two  types  of 
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sandy  and  sandy  loam  soils  with  different  bioavailability  characteristics  using  multiple 
concentrations.  Perennial  ryegrass  was  chosen  because  of  its  relative  sensitivity  to  EMs,  such  as 
2,4,6-trinitrotoluene  (TNT),  1,3,5-trinitrobenzene  (TNB),  2,4-dinitrotoluene  (2,4-DNT),  and  2,6- 
dinitrotoluene  (2,6-DNT),  as  compared  to  com,  lettuce,  alfalfa,  and  millet  (Rocheleau  el  al., 
2006).  Ryegrass  has  also  been  extensively  used  in  uptake  studies  of  other  energetic  compounds 
(TNT,  RDX,  and  HMX)  and  other  chemicals,  such  as  trifluralin,  lindane,  ethofumesate,  copper 
and  cadmium  (Kohler  and  Branham,  2002;  Li  et  al.,  2002;  Sidoli  O'Connor  et  al.,  2003).  Finally, 
ryegrass  is  used  as  turf  and  foraging  grass,  therefore  making  it  a  relevant  ecological  receptor. 

Materials  and  Methods 

Chemicals  and  reagents.  Energetic  materials  RDX  (CAS:  121-82-4;  purity:  99%),  and  HMX 
(CAS:  2691-41-0;  purity:  99%)  were  obtained  from  the  Defense  Research  and  Development  of 
Canada  (Val  Belair,  QC,  Canada).  CL-20  (CAS:  135285-90-4;  purity:  99.3%)  was  obtained  from 
ATK  Thiokol  Propulsion  (Brigham  City,  UT).  Certified  standards  of  the  energetic  materials 
(AccuStandard,  Inc.,  New  Haven,  CT)  were  used  for  HPLC  determinations.  Boric  acid  (H3BO3; 
CAS:  10043-35-3;  purity:  99.9%)  was  used  as  the  positive  control  for  the  phytotoxicity  tests. 
American  Society  for  Testing  and  Materials  (ASTM)  type  I  water  (ASTM,  2004)  was  obtained 
using  the  Millipore®  Super  Q  water  purification  system  (Millipore®,  Nepean,  ON,  Canada)  and 
was  used  throughout  the  studies.  All  other  chemicals  were  either  analytical  or  certified  grade. 
Glassware  was  washed  with  phosphate-free  detergent,  followed  by  rinses  with  tap  water,  ASTM 
type  I  water,  acetone,  analytical  reagent  grade  nitric  acid  1%  (v/v),  then  with  ASTM  type  I  water. 


Test  Soil.  Two  types  of  soil  were  used  to  assess  the  phytotoxicity  and  the  bioaccumulation  of 
EMs.  Sassafras  Sandy  Loam  (SSL)  was  collected  from  an  open  grassland  field  on  the  property  of 
the  U.S.  Army  Aberdeen  Proving  Ground  (Maryland,  USA),  and  a  sandy  soil  (DRDC) 
representative  of  soil  found  on  Canadian  army  sites  was  collected  at  the  Defence  Research  and 
Development  Canada  in  Val  Belair  (Quebec,  Canada). These  soils  were  selected  because  of  their 
relatively  high  bioavailability  of  EMs,  i.e.  low  organic  matter  (1.2%  in  both  soils)  and  relatively 
low  clay  contents  (11%  and  0.3%,  respectively).  Selected  physico-chemical  characteristics  of  the 
test  soils  are  presented  in  Table  27.  Vegetation  and  the  organic  horizon  were  removed  to  just 
below  the  root  zone,  and  the  top  15  cm  of  the  A-horizon  was  then  collected.  The  SSL  and  DRDC 
soils  were  air-dried,  sieved  through  5-mnT  and  2-mm  mesh  screens,  respectively,  and  then 
stored  at  room  temperature  before  use  in  testing.  Soil  analyses  showed  that  no  EM  compound 
was  present  above  analytical  detection  limits.  Total  concentrations  of  metals  and  nutrients  in  both 
soils  were  within  regional  background  ranges. 

Soils  were  separately  and  independently  amended  with  CL-20,  RDX,  or  HMX.  Individual  EMs 
were  dissolved  in  acetone  and  transferred  evenly  across  the  soil  surface,  ensuring  that  the  volume 
of  solution  added  at  any  one  time  did  not  exceed  15%  (volume  mass'1)  of  the  dry  mass  soil.  The 
acetone  was  allowed  to  volatilize  (minimum  of  18  h)  in  a  darkened  chemical  hood,  and  then 
mixed  overnight  (18  ±  2  h)  using  a  three-dimensional  rotary  mixer.  ASTM  type  I  water  was 
added  to  adjust  the  soil  moisture  to  a  level  equivalent  to  75%  of  the  water  holding  capacity 
(WHC,  see  Table  27). 
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Table  27  Selected  physico-chemical  characteristics  of  the  test  soils 


Parameters 

SSL  1 

DRDC  2 

pH 

5.5 

4.9 

Water  holding  capacity  (%,  v/w) 

18 

23 

Organic  matter  (%,  w/w) 3 

1.2 

1.2 

Texture 

Sandy  loam 

Sandy 

Sand,  50-2000  (tm 

71 

98 

Silt,  2-50  (tm 

18 

1.7 

Clay,  <  2  |4m 

11 

0.3 

Kd  for  sorption  4 

2.43  ±0.04  5 

0.84  ±0.08  6 

Kd  for  desorption  4 

4.43  ±0.11  5 

0.09  ±  0.29  6 

1  SSL:  Sassafras  sandy  loam  soil  from  Aberdeen  Proving  Ground,  MD,  USA.; 2  DRDC:  sandy  soil  from  Defence 
Research  and  Development  Canada,  Val  Belair,  QC,  Canada.; 3  values  are  expressed  as  %  w/w  and  include  organic 
matter  contents.;  4  distribution  coefficient.; 5  values  obtained  by  Balakrishnan  et  al.  (2004b).;  6  Distribution 
coefficient  determined  as  described  in  Balakrishnan  et  al.  (2004b). 


Plant  toxicity  tests.  The  plant  toxicity  tests  were  performed  following  ASTM  (1998)  and  United 
States  Environmental  Protection  Agency,  USEPA  (1982)  standard  protocols.  Based  on  the  results 
of  our  previous  studies  (Rocheleau  et  al.,  2006),  perennial  ryegrass  Lolium  perenne  L.  “Express” 
(Pickseed  Canada  Inc.,  St-Hyacinthe,  Quebec,  Canada)  was  selected  for  testing  because  it  has 
relatively  high  sensitivity  to  EMs.  Nominal  treatment  concentrations  for  each  EM  included  10, 
100,  1000,  and  10000  mg  kg  _1.  Control  treatments  included  a  negative  (ASTM  type  I  water),  a 
carrier  (acetone),  and  a  positive  (boric  acid  at  concentrations  of  50,  80,  110,  150  and  200  mg  kg' 
!).  All  treatments  were  replicated  (n  =  3).  Ryegrass  shoot  biomass  exposed  to  RDX  or  HMX  was 
measured  after  19  d.  Shoot  and  root  biomass  exposed  to  CL-20  were  measured  after  21  and  42  d. 
Roots  were  separated  from  soil  using  a  2-mm  sieve,  soil  was  washed  away  from  roots  with 
ASTM  type  1  water,  and  excess  water  was  absorbed  with  a  paper  towel.  Shoots  and  roots  were 
kept  at  -80°C  until  chemical  extraction.  Dry  mass  was  determined  after  lyophilizing  the  plant 
tissue  for  24  h. 

Chemical  extractions  and  analyses.  For  each  soil  treatment,  triplicates  of  2-g  soil  aliquots  were 
weighed  into  50-ml  glass  centrifuge  tubes.  Ten  ml  acetonitrile  containing  the  appropriate 
recovery  standard  (2,4-DNT  for  RDX  or  HMX  extractions;  RDX  for  CL-20  extractions)  was 
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added  and  the  samples  were  vortexed  for  1  min,  then  sonicated  in  the  dark  for  18  ±  2  h  at  20°C 
(modified  USEPA  Method  8330A;  USEPA,  1998).  Five  ml  of  supernatant  was  transferred  to  a 
glass  tube,  to  which  5  ml  of  CaCE  solution  (5  g  l'1)  was  added.  For  soil  samples  amended  with 
CL-20,  NaHSCE  was  added  to  the  CaCE  solution  to  prevent  CL-20  degradation.  Supernatants 
were  filtered  through  0.45  pm  Millex-HV  syringe  cartridges.  Extraction  was  repeated  if  internal 
standard  recovery  was  lower  than  90  percent. 

Lyophilized  plant  tissue  was  grinded  and  at  least  0.02  g  was  transferred  to  a  glass  conical  tube,  to 
which  a  volume  of  internal  standard  /  acetonitrile  solution  equivalent  to  25  times  dry  biomass 
was  added.  Plant  extracts  were  sonicated  in  the  dark  at  20°C  for  18  h  ±  2  h  and  then  centrifuged 
at  1500  rpm  (360  x  g)  for  one  hour.  Supernatants  were  transferred  in  glass  vials,  to  which  an 
equivalent  volume  of  ASTM  type  I  water  was  added  and  kept  at  4°C  for  24  h.  Supernatants  were 
filtered  on  0.45  pm  cartridges  and  analyzed  by  HPLC. 

Soil  and  plant  extracts  were  analyzed  using  an  HPLC  (Thermo  Separation  Products)  composed  of 
a  pump  (Model  P4000),  an  auto  injector  (Model  AS  1000)  and  a  photodiode-array  detector 
(Model  UV  6000LP).  The  HPLC  operating  conditions  were  as  follows:  column  Supelcosil  LC- 
CN  (25  cm  x  4.6  mm,  5  pm),  mobile  phase  30%  water  and  70%  methanol,  flow  rate  1  ml  min'1, 
injection  volume  of  50  pi,  auto  sampler  temperature  10°C,  wavelength  scan  from  200  to  350  nm. 
The  limits  of  quantification  were  20,  50  and  100  pg  l1  for  CL-20,  RDX  and  HMX,  respectively. 


Data  analysis.  Analysis  of  Variance  (ANOVA)  was  used  to  determine  the  difference  between 
shoot  or  root  biomass  of  exposed  plants  as  compared  to  controls,  with  significance  level  set  at  p 
<  0.05.  Means  separations  were  done  using  Fisher’s  Least  Significant  Difference  (LSD)  pairwise 
comparison  tests.  Data  analyses  were  performed  using  SYSTAT  7.01  (SPSS,  1997). 
Bioaccumulation  factors  (BAFs)  were  calculated  by  dividing  the  EM  ryegrass  tissue 
concentration  by  the  EM  concentration  in  soil  at  the  end  of  the  exposure  time. 


Accomplishments 

Effects  of  CL-20,  RDX  or  HMX  on  ryegrass  growth.  The  effect  of  CL-20  on  ryegrass  shoot  and 
root  growth  depended  on  the  type  of  soil  and  the  exposure  concentration  of  CL-20.  In  SSL  soil 
(Figures  65A  and  66A),  CL-20  inhibited  shoot  growth  at  concentration  below  960  mg  kg  1  (up  to 
24%  inhibition),  stimulated  shoot  growth  at  9604  mg  kg  1  (up  to  38%  stimulation)  and  inhibited 
root  growth  at  9604  mg  kg  1  (up  to  57%  inhibition).  In  DRDC  soil  (Figures  65B  and  66B),  the 
only  significant  deleterious  effect  (21%  inhibition,  p  <  0.05)  was  established  for  shoot  growth  at 
9810  mg  kg  1  after  42  days  of  exposure.  In  a  previous  study,  CL-20  had  a  stimulatory  effect  on 
shoot  growth  at  concentrations  up  to  9832  mg  kg  1  in  SSL  soil,  but  this  effect  was  not 
concentration-dependent  after  19  days  of  exposure  (Gong  et  al.,  2004).  Stimulation  of  ryegrass 
growth  was  also  observed  by  Strigul  et  al.  (2005)  following  the  exposure  of  CL-20  in  different 
types  of  sandy  and  sandy  loam  soils. 
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40 


CL-20  concentration  in  DRDC  soil  (mg  /  kg  dry  soil) 


RDX  or  HMX  concentration  in  SSL  soil  (mg  /  kg  dry  soil) 


Figure  65  Effects  of  CL-20  in  SSL  soil  (A),  CL-20  in  DRDC  soil  (B),  and  RDX  or  HMX  in  SSL  soil 
(C)  on  ryegrass  Lolium  perenne  shoot  growth  compared  to  carrier  (acetone)  control.  Significant  (p  < 

0.05,  Lisher’s  LSD)  change  from  carrier  control  is  indicated  by  [*].  Negative  values  indicate  reduction  in 
shoot  growth. 


158 


80 


60 


40 


~  a> 


20 


o  'a 
--  <u 


3  E  „ 
oc  o  -20 


-40 


□  21d  □  42d 


103 


960 


9604 


CL-20  concentration  in  SSL  soil  (mg  /  kg  dry  soil) 


120 


1171 


9810 


CL-20  concentration  in  DRDC  soil  (mg  /  kg  sry  soil) 


Figure  66  Effects  of  CL-20  in  SSL  soil  (A)  and  in  DRDC  soil  (B)  on  ryegrass  Lolium  perenne  root 
growth  compared  to  carrier  (acetone)  control.  Significant  {p  <  0.05,  Fisher’s  LSD)  change  from  carrier 
control  is  indicated  by  [*].  Negative  values  indicate  reduction  in  shoot  growth. 


The  effect  of  RDX  or  HMX  on  ryegrass  growth  was  assessed  in  SSL  soil  (Figure  65C).  After  19 
days  of  exposure,  RDX  or  HMX  had  a  stimulatory  effect  on  ryegrass  shoots  at  concentrations 
ranging  from  880  to  9363  mg  kg  1  for  RDX  and  at  10373  mg  kg  1  for  HMX.  These  results  are 
similar  to  those  obtained  with  lettuce  and  barley  exposed  to  HMX  in  OECD  artificial  and  forest 
soils  at  concentrations  up  to  3,320  mg  kg'1  (Robidoux  et  al.,  2003). 


Bioaccumulation  of  CL-20,  RDX  or  HMX  in  ryegrass.  CL-20  concentrations  in  ryegrass  tissue 
increased  with  CL-20  concentrations  in  soil,  and  remained  the  same  throughout  the  exposure 
time  at  the  same  concentration  (Figures  67  and  68).  The  only  exception  was  measured  in  the  SSL 
soil  (Figure  67 A),  where  CL-20  ryegrass  shoot  concentrations  decreased  significantly  with  time 
when  exposed  to  9604  mg  kg'  .  The  highest  CL-20  concentrations  (95  fig  g  1  in  the  shoots  and 
5521  |ag  g  1  in  the  roots)  were  measured  when  ryegrass  was  exposed  to  9810  mg  kg'1  in  the 
DRDC  soil  (Table  28).  In  the  SSL  soil,  CL-20  concentrations  in  the  ryegrass  shoots  were  68  fig 
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g  1  and  1655  (ig  g  1  in  the  roots  when  exposed  to  9604  mg  kg'1  in  soil.  In  SSL  soil,  the  highest 
BAFs  were  calculated  when  ryegrass  was  exposed  to  8.6  mg  kg'1,  with  BAF  values  of  1.5  in 
shoots  and  8.4  in  roots,  respectively  (Table  28). 


Figure  67  Bioaccumulation  of  CL-20  in  ryegrass  Lolium  perenne  shoots  exposed  to  SSL  (A)  and  RDDC 
(B)  amended  soils. 


In  DRDC  soil,  the  highest  BAFs  were  calculated  when  ryegrass  was  exposed  to  11.2  mg  kg'1, 
with  BAF  values  of  0.5  in  shoots  and  19.2  in  roots,  respectively.  BAF  values  decreased  with  CL- 
20  exposure  concentration  in  soil,  indicating  that  the  bioaccumulation  in  ryegrass  tissue  followed 
a  non-linear  increase  with  soil  exposure  concentration.  CL-20  accumulated  more  in  the  roots  than 
in  the  shoots  in  both  soils  (58  times  in  DRDC  soil  and  24  times  in  SSL  soil).  Higher  CL-20 
ryegrass  tissue  concentrations  when  grown  in  DRDC  soil  may  indicate  that  this  soil  presents 
higher  bioavailability  characteristics  (Kd  for  sorption  in  DRDC  soil  of  0.84  vs  Kd  for  sorption  in 
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SSL  soil  of  2.43;  Table  27)  ,  which  may  be  related  to  the  lower  clay  content  (0.3%  in  DRDC  vs 
17%  in  SSL;  Table  27).  At  median  exposure  concentrations  of  103-120  mg  kg'1,  CL-20 
concentrations  were  24-25  (ig  g  'in  ryegrass  shoots  and  230-464  (ig  g  1  in  ryegrass  roots.  These 
values  are  comparable  to  those  obtained  by  Strigul  et  al.  (2005)  in  a  2-month  study  addressing 
the  effect  of  plant  growth  onto  CL-20  degradation  in  soil  (100  mg  kg'  ),  during  which  they 
measured  concentrations  of  12  (ig  g  1  in  ryegrass  leaves. 
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Figure  68  Bioaccumulation  of  CL-20  in  ryegrass  Lolium  perenne  roots  exposed  to  SSL  (A)  and  RDDC 
(B)  amended  soils. 
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Table  28  Bioaccumulation  factor  of  CL-20,  RDX  and  HMX  in  ryegrass  Lolium  perenne 


Energetic 

Soil 

Exposure 

Concentration 

Concentration 

Concentration 

Concentration 

BAF4 

BAF4 

compound 

time 

in  soil  at  To  1 

in  soil  at  Tf 2 

in  shoots 

in  roots 

in 

in 

shoots 

roots 

(days) 

(mg  kg'1  dry 

(mg  kg'1  dry 

(pg  g'1  dry 

(pg  g'1  dry 

soil) 

soil) 

plant) 

plant) 

CL-20 

SSL 

42 

8.9 +  0.2  3 

8.6 +  0.2 

13  ±1 

72  +  4 

1.51 

8.37 

CL-20 

SSL 

42 

103  +  13 

104  +  3 

25  ±1 

23018 

0.24 

2.21 

CL-20 

SSL 

42 

960  +  145 

1024  +  57 

28  ±3 

222  1  29 

0.03 

0.22 

CL-20 

SSL 

42 

9604+  1187 

9457  +  129 

68  ±  16 

1655  1  202 

0.01 

0.18 

CL-20 

DRDC 

42 

11.2  +  0.7 

9.7  +0.3 

5  ±  2 

1861  14 

0.52 

19.18 

CL-20 

DRDC 

42 

120  +  6 

99  +  3 

24  ±  0.3 

46417 

0.24 

4.69 

CL-20 

DRDC 

42 

1171  + 117 

1085  +  90 

38  ±3 

15581288 

0.04 

1.44 

CL-20 

DRDC 

42 

9810+  1052 

10312  +  423 

95  ±7 

5521  1  1107 

0.01 

0.54 

RDX 

SSL 

19 

9740  +  267 

9373  +  569 

1335  1218 

ND5 

0.14 

ND 

HMX 

SSL 

19 

10411  + 1398 

9064  +  868 

1891 19 

ND5 

0.02 

ND 

1  To:  Initial  concentration; 2  Tf:  Concentration  at  the  end  of  the  exposure  time; 3  Average  value  with  ±  standard 
deviation  (n  =3);  4  BAF:  Bioaccumulation  factor  calculated  with  Tf  concentrations; 5  ND:  Not  determined 


At  exposure  concentrations  of  9363  and  10373  mg  kg_1in  SSL  soil  (Table  28),  RDX  and  HMX 
accumulated  20  times  (1335  pg  g '  )  and  3  times  (189  pg  g'1)  more  in  ryegrass  shoots  than  CL-20 
(68  pg  g'1).  BAF  of  RDX  (0.14)  was  7-  and  14-times  greater  than  BAFs  in  HMX  (0.02)  and  CL- 
20  (0.01),  respectively.  This  higher  bioaccumulation  of  RDX  in  ryegrass  tissue  may  be  due  to  the 
higher  solubility  of  this  compound  as  compared  to  CL-20.  Indeed,  the  water  solubility  of  RDX, 
HMX  and  CL-20  are  43,  3.3  and  3.2  mg  l'1  at  20°C,  respectively  (Monteil-Rivera  et  al.,  2004). 

For  phytoremediation  purposes,  Groom  et  al.  (2002)  compared  the  bioaccumulation  of  HMX  in 
fourteen  plant  species,  including  ryegrass  Lolium  perenne.  Following  a  77d-exposure  to  firing- 
range  soil  samples  containing  between  25  and  51  mg  HMX  kg'1,  the  highest  concentration  of 
HMX  was  measured  in  the  canola  Brassica  rapa  leaf  tissue  (677  pg  g  '),  while  HMX 
concentration  in  ryegrass  Lolium  perenne  leaves  was  460  pg  g '  ,  with  BAFs  ranging  between  8.8 
and  18.0  in  ryegrass  tissue.  These  authors  reported  that  the  majority  of  accumulated  HMX  was 
found  in  the  viable  leaf  tissue,  with  very  low  extractable  HMX  detected  in  the  roots.  Using 
different  plant  species,  Checkai  and  Simini  (1996)  measured  significant  RDX  uptake.  When 
exposed  to  concentrations  up  to  100  pg  l'1  in  irrigation  water,  lettuce  leave,  corn  stover  and 
alfalfa  shoot  tissue  concentrations  were  77,  126  and  186  pg  l"1,  representing  BAFs  of  0.7,  1.26 
and  1.86,  respectively.  Using  2-week  old  seedlings  and  embryos  of  sunflower  Helianthus  annuus , 
Winfield  (2001)  calculated  much  higher  BAFs  of  310.8  and  381.5  after  6-weeks  of  exposure  to 
RDX  at  concentrations  up  to  100  mg  kg  1  of  Grenada  soils.  Using  bush  bean  Phaseolus  vulgaris 
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Burbank  exposed  to  10  mg  RDX  kg'  ,  Cataldo  et  al.  (1990)  and  Harvey  et  al.  (1991)  reported 
concentrations  of  75,  217  and  603  |ag  g  1  fresh  weight  in  roots,  leaves  and  seeds,  respectively. 
These  studies  indicate  that  RDX  and  HMX  bioaccumulation  in  plant  tissue  is  dependent  of  the 
plant  species,  and  the  exposure  concentration. 

In  summary,  the  effects  of  CL-20  on  ryegrass  shoot  and  root  growth  depended  on  the  type  of  soil 
and  the  exposure  concentration  of  CL-20.  In  SSL  sandy  loam  soil,  CL-20  inhibited  shoot  growth 
at  concentration  below  960  mg  kg'  ,  and  stimulated  shoot  growth  and  inhibited  root  growth  at 
9604  mg  kg'1.  In  DRDC  sandy  soil,  the  only  significant  deleterious  effect  of  CL-20  was 
established  for  shoot  growth  at  9810  mg  kg'1.  Stimulatory  effect  on  ryegrass  shoot  growth  was 
established  for  RDX  at  concentrations  greater  than  880  mg  kg'1  and  for  HMX  at  10373  mg  kg"1. 

CL-20  accumulated  more  in  the  roots  than  in  the  shoots,  and  accumulated  more  in  the  DRDC  soil 
than  in  the  SSL  soil.  Higher  CL-20  ryegrass  tissue  concentrations  when  grown  in  DRDC  soil 
with  lower  (0.3%)  clay  content  suggests  that  this  sandy  soil  can  sustain  greater  bioavailability  of 
CL-20,  as  compared  with  the  SSL  soil  (11%  clay).  At  the  highest  exposure  concentration  ranging 
between  9604  and  10411  mg  kg'1,  BAF  of  RDX  (0.14)  was  7-  and  14-times  greater  than  BAFs  in 
HMX  (0.02)  and  CL-20  (0.01),  respectively.  This  higher  bioaccumulation  of  RDX  in  ryegrass 
tissue  may  be  due  to  the  higher  solubility  of  this  compound  as  compared  to  CL-20.  BAFs  of  0.5- 
1.5  and  8.4-19.2  in  ryegrass  shoots  and  roots  exposed  to  9-11  mg  kg'1  indicates  that  CL-20  may 
bioaccumulate  in  plants  exposed  to  low  concentrations  of  CL-20  and  that  CL-20  may  have  some 
potential  of  biomagnification  across  the  food  chain.  Additional  studies  concurrently  using  several 
trophic  levels  (plants  -  invertebrates  -  mammals  -  birds)  may  be  needed  to  confirm  this  potential 
of  biomagnification  of  CL-20. 
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XX  Action  item 


“In  your  Final  Report,  you  may  want  to  do  a  mass  balance  of  CL-20  both  comparatively  and 
actually  with  respect  to  glyoxal.” 

Following  the  reception  of  uniformly  [14C]-labeled,  ring  [15N]-labeled  and  [15N02  ]- 
labeled  CL-20  we  were  first  able  to  confirm  the  identity  of  several  intermediate  degradation 
products  and  second  to  determine  the  C  and  N  mass  balances  of  CL-20  transformations  in 
several  abiotic  and  biotic  systems.  Results  are  included  in  the  following  Chapters  (VIII,  page  3 1 ; 
IX,  page  46;  XII.1,  page  81;  XIV. 1,  page  116;  and  XIV. 2,  page  132). 
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Alkaline  Hydrolysis  of  the  Cyclic 
Nitramine  Explosives  RDX,  HMX, 
and  CL-20:  New  Insights  into 
Degradation  Pathways  Obtained 
by  the  Observation  of  Novel 
Intermediates 

VIMAL  K.  B  ALAKRI  SH  N  AN  , 
ANNAMARIA  HALASZ,  AND 
JALAL  HAWARI* 

Biotechnology  Research  Institute, 

National  Research  Council  of  Canada, 

6100  Royal  mount  Avenue, 

Montreal,  Quebec,  Canada  H4P  2R2 


Hexahydro-l,3,5-trinitro-l,3,5-triazine  (RDX,  I)  and  octa- 
hydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine  (HMX)  hydrolyze 
at  pH  >  10  to  form  end  products  including  N02_,  HCHO, 
HCOOH,  NH3,  and  N20,  but  little  Information  is  available  on 
intermediates,  apart  from  the  tentatively  Identified 
penta hydro-3,5-dinitro-l,3,5-triazacyc lohex-l-ene  (II). 
Despite  suggestions  that  RDX  and  HMX  contaminated 
groundwater  could  be  economically  treated  via  alkaline 
hydrolysis,  the  optimization  of  such  a  process  requires  more 
detailed  knowledge  of  intermediates  and  degradation 
pathways.  In  this  study,  we  hydrolyzed  the  monocyclic 
nitramines  RDX,  M  NX  (hexahydro-l-nitroso-3,5-dinitro-l,3,5- 
triazine),  and  HMX  in  aqueous  solution  (pH  10-12.3)  and 
found  thatnitramine  removal  was  accompanied  by  formation 
of  1  molar  equiv  of  nitrite  and  the  accumulation  of  the 
key  ring  cleavage  product 4-nitro-2,4-diazabutanal  (4-NDAB, 
02NNHCH2NHCH0).  M  ost  of  the  remaining  C  and  N 
content  of  RDX,  M  NX,  and  HMX  was  found  in  HCHO,  N20, 
HCOOH,  and  NH3.  Consequently,  we  selected  RDX  as  a 
model  compound  and  hydrolyzed  it  in  aqueous  acetonitrile 
solutions  (pH  12.3)  in  the  presence  and  absence  of 
hydroxypropyl-/3-cyc lodextrin  (HP-/3-CD)  to  explore  other 
early  intermediates  in  more  detail.  We  observed  a  transient 
LC-M  S  peak  with  a  [M  -H]  at  192  Da  that  was  tentatively 
identified  as  4,6-dinitro-2,4,6-triaza-hexanal  (02NNHCH2- 
NN02CH2NHCH0,  III)  considered  as  the  hydrolyzed  product 
of  II.  In  addition,  we  detected  another  novel  intermediate 
with  a  [M  -H]  at  148  Da  that  was  tentatively  identified 
as  a  hydrolyzed  product  of  III,  namely,  5- hydroxy-4- nitro- 
2,4-diaza-pentanal  (H0CH2NN02CH2NHCH0,  IV).  Both  llland 
IV  can  act  as  precursors  to  4-NDAB.  In  the  case  of  the 
polycyclic  nitramine  2,4,6,8,10,12-hexanitro-2,4,6,8,10,12- 
hexaazaisowurtzitane  (CL-20),  denitration  (two  N02_)  also 
led  to  the  formation  of  HCOOH,  NH3,  and  N 20,  but  neither 
HCHO  nor4-NDAB  were  detected. The  results  provide  strong 
evidence  that  initial  denitration  of  cyclic  nitramines  in 
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water  is  sufficient  to  cause  ring  cleavage  followed  by 
spontaneous  decomposition  to  form  the  final  products. 


Introduction 

Thecyclicnitramineshexahydro-  l,3,5-trinitro-l,3,5-triazine 
(RDX)  and  octahydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine 
(HMX)  are  highly  energetic  compounds  used  in  various 
propellants  and  conventional  munitions  (Figure  1).  The 
manufacturingand  usage  ofthesetoxicmunitions(l-3)  have 
resulted  in  severe  contamination  of  both  soilsand  ground- 
water  (4,  5),  thus  necessitating  their  safe  removal  from  the 
envi  ronment. 

N  u  m  erou  s  i  n  vesti  gati  o  n  s  h  a  ve  estab  I  i  sh  ed  th  at  th  e  typ  i  cal 
decomposition  (photochemical  (6-8),  thermal  (9, 10),  mi¬ 
crobiological  (11-15),  or  hydrolytic  (16- 18))  of  RDX  produces 
end  products  including  nitrite  (N02~),  nitrous  oxide  (N20), 
N2,  ammonia  (NH3),  formaldehyde  (HCHO),  formic  acid 
(HCOOH),  and  C02.  Hoffsommer  and  co-workers  (16) 
reported  that  RDX  degradation  in  alkaline  medium  was 
i  n  i  ti  ated  by  a  si  n  gl  e  d en  i  trati  on  step  tofirstformpentahydro- 

3.5- dinitro-l,3,5-triazacyclohex-l-ene  (II),  which  then  hy¬ 
drolyzed  further  leading  to  rapid  ring  cleavage  and  decom¬ 
position.  Wh  i  I  e  on  I  y  a  few  stud  i  es  have  been  con  d  u  cted  with 
HMX,  it  has  been  shown  that  HMX  undergoes  alkaline 
hyd  rol  ysi  s  at  a  si  ower  rate  th  a  n  R  D  X  ( 1 7, 18) ,  to  gi  ve  a  p  rod  u  ct 
distribution  (N02~,  N20,  NH3,  N2,  and  HCOOH)  similar  to 
that  obtained  with  RDX  (19).  Thepol  ycyclicnitrami  ne2, 4,6,8, - 
10, 12-  hexan  i  tro-  2, 4, 6, 8, 10, 12-  h  exaazai  sowu  rtzi  tan  e  (C  L-  20) 
has  only  recently  been  synthesized  (20, 21).  Therefore,  little 
information  is  currently  available  on  its  chemical  and 
biological  activity  and  fate. 

Recently,  we  showed  that  both  Rhodococcus  sp.  strain 
DN22(ll)andlight(350nm)  (8)  can  successfully  decompose 
RDX  in  water  via  initial  denitration  to  produce  4-nitro-2,4- 
diazabutanal  (4-NDAB,  02NNHCH2NHCH0)asa  major  ring 
cleavageproductin  both  cases.  In  addition  theend  products 
that  we  found  in  the  previous  photochemical  (8)  and 
enzymatic  (11)  studies  are  basically  similar  and  included 
N02-,  N20,  NH3,  HCHO,  C02,  and  H2NCHO. 

While  many  of  the  end  products  of  RDX  hydrolysis  are 
known,  intermediates  and  decomposition  pathways  are  not 
well  understood.  Heilmann  et  al.  (18)  suggested  that  RDX 
and  H  MXcontaminated  waterscould  beeconomicallytreated 
using  granular  activated  carbon  (GAC)  to  first  adsorb  the 
explosive,  foil  owed  by  off- line  regeneration  oftheladen  GAC 
through  alkaline  hydrolysis.  However,  for  thistechnology  to 
be  optimized,  knowledge  of  intermediates  and  the  degrada¬ 
tion  pathways  of  these  two  monocyclic  nitraminesiscritical 
both  to  predict  their  behavior  and  enhance  their  removal 
from  the  environment. 

Since  the  end  products  of  RDX  decomposition  during 
enzymati  c  bi  odegradati  on  with  strai  n  D  N  22  ( 11)  were  si  mi  lar 
to  those  obtained  via  both  alkaline  hydrolysis  (16-18)  and 
photolysis  (8),  we  hypothesize  that  following  initial  deni- 
trati  on  of  the  cycl  i  c  n  i  tram  i  n  e,  ri  n  g  cl  eavage,  andsubsequent 
decomposition  is  largely  dictated  by  the  aqueous  chemistry 
of  the  resulting  intermediates.  Therefore,  if  other  cyclic 
nitraminessuchasMNX(h  exa  h  yd  ro- 1-  n  i  troso-  3, 5-  d  i  n  i  tro- 

1.3.5- triazine),  HMX,  andCL-20produceend  products  si  mi  lar 
to  those  of  RDX,  then  their  decomposition  mechanisms 
should  also  be  similar  (18, 19).  Hence,  our  objective  in  the 
present  study  was  to  provide  additional  insight  into  the 
degradation  pathways  of  these  cyclic  nitramines  by  first 
determi  ni  ng  whether  RDX,  H  M  X,  M  N  X,  and  CL-20  hydrolyzed 
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FIGURE  1.  Representative  structures  of  various  cyclic  nitramines. 


in  aqueous,  alkaline  (pH  10)  conditions  to  produce  similar 
end  products.  We  then  selected  RDX  as  a  model  cyclic 
nitramine  compound  and  hydrolyzed  it  in  aqueous  aceto¬ 
nitrile  solutions  (pH  12.3)  in  the  presence  and  absence  of 
hydroxypropyl-/3-cyclodextrin  (HP-/TCD)  in  an  attempt  to 
explore  other  early  intermediates  in  more  detail. 

Experimental  Section 

Chemicals.  Commercial  grade  RDX  (purity  >  99%),  ring- 
labeled  [15N  ]-RDX  (purity  ca.  98%),  H  M X  (purity  >  99%),  and 
hexahydro-l,3,5-trinitroso-l,3,5-triazine  (TNX,  99%  pure) 
were  provided  by  the  Defense  Research  and  Development 
Canada  (DRDC),Val  cartier,  Canada.  2,4,6,8,10,12-Hexanitro- 
2,4,6,8,10,12-hexaazaisowurtzitane  (e-CL-20)  was  provided 
byA.T.K.Thiokol  Propulsion  (Brigham  City,  UT).  Hexahydro- 
l-nitroso-3,5-dinitro-l,3,5-triazine  (MNX,  99%  pure)  was 
provided  by  R.  Spanggord  (SRI,  Menlo  Park,  Ca).  4-Nitro- 
2,4-diazabutanal  (4-NDAB)  was  obtained  as  described  by 
Fournier  et  al.  (11),  and  during  revisionsto  this  manuscript 
we  confirmed  its  identity  against  an  authentic  sample  of 
4-NDAB  synthesized  by  Dr.  Jeffery  Bottaro  and  Dr.  Ron 
Spanggord  (SRI,  Menlo  Park,  CA).  Methylene  dinitramine 
was  obtained  from  the  rare  chemical  department,  Aldrich, 
Canada.  All  other  chemicals  used  in  this  work  were  reagent 
grade. 

Hydrolyses  of  RDX,  MNX,  HMX,  and  CL- 20  in  Aqueous 
Solution  at  pH  10.  To  a  series  of  dry  20  mL  vials  (each 
wrapped  in  aluminum  foil)  was  added  an  aliquot  of  cyclic 
nitramine  stock  solution  prepared  in  acetone.  The  acetone 
was  evaporated  in  a  fume  hood,  followed  by  the  addition  of 
10  mL  of  a  NaOH  solution  (pH  10)  to  give  the  following 
concentrations 215, 180, 110,  and  100 mg  L_1for  RDX,  M  NX, 
H  M  X,  and  CL-20,  respectively.  Theinitial  concentrations  were 
kept  well  in  excess  of  the  maximum  water  solubility  of  each 
nitrami  ne (ca.  50  mg  L_1  for  RDX  (22),  5  mg  L_1  for  H  M  X  (22), 
and  3.6  mg  L_1  for  CL-20  (23))  in  an  attempt  to  generate 
sufficient  amounts  of  intermediates  to  allow  detection.  The 
vials  were  sealed  with  Teflon  coated  serum  caps  and  placed 
in  a  thermostated  benchtop  shaker  at  30  °C  and  200  rpm. 
Some  vials  were  sparged  with  Argon  for  2  h  to  allow  analysis 
for  N2. 

A  second  hydrolysis  of  H  M  X  was  also  performed  the  same 
manner  asdescribed  above,  but  atpH  12.3  instead  of  pH  10. 
Theproductsformed  at  this  elevated  pH  were  identified  after 
60  h  and  after  120  h. 

We  used  a  gastight  syringe  to  measure  gaseous  products 
(N20  and  N2)  in  the  headspace,  but  for  the  analysis  of  the 
liquid  medium  we  first  quenched  the  reaction  by  adding  an 
acidic  MeCN  solution  (lOmL,  pH  4.5).  MeCN  also  solubilized 
undissolved  starting  material  for  subsequent  analysis.  The 
quenched  vials  were  then  stored  in  a  refrigerator  at4°C  until 
analyzed. 


Hydrolysis  of  RDX  in  70%  MeCN:30  H20  (v/v)  Mixture. 

RDX  (0.1  g)  or  [15N]-RDX  was  placed  into  a  vial  to  which  a 
10 mL  solution  of  NaOH  (pH  12.3)  in  70:30(v/v)  acetonitrile: 
water  was  added,  gi  vi  ng  an  i  n  iti  al  RDX  concentrati  on  of  10  000 
mg  L_1.  MeCN  was  used  to  solubilize  the  high  RDX 
concentration  used,  while  a  high  pH  was  used  to  accelerate 
thereaction.Thevial  was  sealed  with  aTeflon  coated  serum 
cap  and  placed  in  a  thermostated  benchtop  shaker  at  30  °C 
and  200  rpm.  After  22  h,  the  reaction  was  quenched  by  the 
addition  of  HCI  (1M), and  themixturewas then  concentrated 
under  reduced  pressure  ( 18  mmH g).  The  remai  ni  ng  mixture 
was  passed  through  a  column  containing  3-aminopropyl- 
functionalized  silica  gel  (Aldrich)  using  a  70%  acetonitrile: 
30%water  (v/v)  mixture  to  removechlorideandnitriteanions, 
preventing  interference  during  LC-MS  (ES-)  analysis  (dis¬ 
cussed  below). 

Hydrolysis  of  RDX  in  the  Presence  of  Hydroxypropyl- 
/j-cyclodextrin  (HP-/3-CD).  HP-/3-CD  was  used  in  an  effort 
to  stabilize  putative  early  intermediates  such  as  pen  tahydro- 
3,5-dinitro-l,3,5-triazacyclohex-l-ene(ll)  and  its  ring  cleav¬ 
age  products(02NNHCH2NN02CH2NHCHO (III) and  HOCH2- 
NN02CH2NHCH0  (IV))  by  forming  inclusion  complexes. 
RDX  (0.1  g)  or  [15N  J-RDX  (0.1  g)  was  placed  in  a  vial,  followed 
by  the  addition  of  10  mL  of  NaOH  (pH  12.3)  in  65:35  (v/v) 
acetonitrile:watercontaining3%(wt/v)  HP-/3-CD.  Hydrolysis 
and  sample  preparation  for  subsequent  analysis  was  con¬ 
ducted  as  discussed  above. 

Analytical  Procedures.Theconcentration  of  RDX,  MNX, 
HMX,  and  CL-20  was  determined  using  a  reversed-phase 
HPLC  connected  to  a  photodiode  array  (PDA)  detector,  as 
described  previously  (11).  Formaldehyde  (HCHO)  (24), 
15N14NO  (45  Da),  and  14N14NO  (44  Da)  analyses  were  carried 
out  as  described  bySheremata  and  Hawari  (25).  Analyses  of 
nitrite  (N02~),  nitrate  (N03~),  formate  (HCOO~),  and  am¬ 
monium  (NH4+)  were  performed  by  capillary  electrophoresis 
on  a  Hewlett-Packard  3D-CE  equipped  with  a  Model  1600 
photodiode  array  detector  and  a  HP  capillary  part  number 
1600-61232.  Thetotal  capillary  length  was  64.5  cm,  with  an 
effective  length  of  56  cm  and  an  internal  diameter  of  50/(m. 
For  nitrite,  nitrate,  and  formate,  analyses  were  performed 
using  sodium  borate  (25  mM)  and  hexamethonium  bromide 
(25mM)electrolyticsolution  atpH  9.2(26).  NH3 (determined 
as  NH4+)  was  analyzed  using  a  formic  acid  (5mM),  imidazole 
(10  mM),  and  18-crown-6  (50  mM)  electrolytic  solution  at 
pH  5.  In  all  cases,  UV  detection  was  performed  at  215  nm 
(27). 

A  M  icromass  benchtop  singlequadropole  mass  detector 
attached  to  a  Hewlett-Packard  1100  Series  HPLC  system 
equi  pped  with  a  DAD  detector  was  used  to  analyze  RDX  ri  ng 
cleavage  intermediates.  The  samples  were  injected  into  a  4 
/<m-pore  size  Supelcosil  CN  column  (4.6  mm  i.d.  x  25  cm; 
Phenomenex,  Torrance,  Ca)  at  35  °C.  The  solvent  system 
wascomposedof  20% aceton i tri  I e:80%  water  ( v/  v) .  F or  mass 
analysis,  ionization  was  performed  in  a  negative  electrospray 
ionization  mode,  ES(-),  producing  mainly  thedeprotonated 
molecular  mass  ions  [M  -  H  ].  The  mass  range  was  scanned 
from  30to  400  Da  with  a  cycled  meof  1.6s,  and  theresoluti on 
was  set  to  1  Da  (width  at  half-height). 

Results  and  Discussion 

Alkaline  Hydrolysis  of  Cyclic  Nitramines:  Product  Distri¬ 
bution.  Figure  2  shows  that  disappearance  of  RDX  during 
hydrolysis  in  water  (pH  10)isconcomitantwiththeformation 
and  accumulation  of  N02~,  N20,  and  formaldehyde  (HCHO). 
Although  we  were  unable  to  detect  formamide,  we  detected 
its  hydrolyzed  products  HCOO~  (0.18 /<mol)  and  NH3  (0.20 
/(mol,  detected  as  NH4+).  Amides  are  known  to  undergo 
spontaneous  hydrolysis  under  alkaline  conditions  (28)  to 
produce  the  corresponding  amines  and  acids.  Figure2also 
shows  that  the  disappearance  of  RDX  was  accompanied  by 
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FIGURE  2.  Time  course  of  the  alkaline  hydrolysis  of  RDX  at  pH  10. 
Data  points  are  the  mean  and  error  bars  the  standard  deviation  (n 
=  3). 

the  accumulation  of  the  ring  cleavage  product  4-nitro-2,4- 
diazabutanal  (4-  N  DAB,02N  N  H  CH  2N  H  CH  O),  whi  ch  was  also 
a  key  product  during  photodenitration  (8)  and  enzymatic 
degradation  (11)  of  RDX.  With  the  exception  of  our  observa¬ 
tion  of  4-NDAB,  the  productdistribution  of  the  present  RDX 
hydrolysisresembles that  reported  by  Hoffsommeretal.  (16), 
Croce  and  Okamoto  (17),  and  Heilmann  et  al.  (IS). 

Table  1  summarizes  the  normalized  molar  yields  for  the 
products  obtained  at  the  end  ofthehydrolysisexperiments 
for  RDX,  M  NX,  HMX,  and  CL- 20  at  pH  10.  From  this  table, 
it  is  apparent  that  the  monocyclic  nitramines  (RDX,  MNX, 
and  HMX)  lose  lequivofNCV  and  form  02NNHCH2NHCH0 
(4-NDAB)  as  a  major  product.  This  is  the  first  time  that 
4-NDAB  formation  has  been  conclusively  demonstrated  as 
a  common  feature  in  the  alkaline  hydrolyses  of  RDX,  MNX, 
and  HMX  (Figure  3). 

In  addition  to  forming  N02~and  4-NDAB,  MNX  hydrolysis 
(see  Supporting  Information)  produced  N20  (trace quanti¬ 
ties),  HCHO,  and  small  amounts  of  HCOO~  (0.35 /tmol)  and 
NH3  (0.33 /(mol)  (Table  1),  which  presumably  formed  from 
the  hydrolysis  of  formamide  as  discussed  above.  Likewise, 
H  M  X  hyd  rol  ysi  s  (Su  p  porti  n  g  I  nformati  on )  was  accom  pan  i  ed 
by  the  release  of  1  molar  equiv  of  N02~  with  the  formation 
of  the  end  products  N20,  HCHO,  and  4-NDAB  (Table  1). 
Since  HMX  hydrolyzes  an  order  of  magnitude  more  slowly 
than  RDX  (17),  we  followed  onlythefirst  5%  of  the  reaction 
(i.e.,21days)  and  were  thus  unableto  unequivocally  confirm 
the  presence  of  NH3  and  HCOO~.  However,  when  we 
increased  the  pH  toacceleratethereaction,  wedetected  NH3 
and  HCOO~.  After  60  h  at  pH  12.3,  HMX  decomposed  to 
produce N02-,N20,  HCHO,  4-N DAB,  NH3,  and  HCOO-,  just 
as  we  observed  at  pH  10  for  RDX  and  MNX.  Interestingly, 
after  an  additional  60  h  at  this  elevated  pH,  4-NDAB 
completely  disappeared.  This  instability  explains  why  4-ND¬ 
AB  was  not  reported  during  earlier  hydrolysis  studies  (16- 
19). 

Finally,whenwehydrolyzedCL-20atpH10(Supporting 
Information),  2  molar  equiv  of  N02~  were  released  instead 
ofoneand  N20,  NH3,  and  HCOO~  formed,  while  HCHO  and 
4-NDAB  did  not  (Table  1).  The  observation  of  N02~  em¬ 
phasized  once  again  the  importance  of  initial  denitration  in 
the  subsequent  decomposition  of  CL- 20.  However,  our 
inability  to  observe  4-NDAB  is  not  surprising  in  view  of  the 
structural  differences  between  therigid  caged  polycyclicCL- 
20  which  is  characterized  by  the  presence  of  C-C  bonds 
(elongated)  that  are  absent  in  the  case  of  the  monocyclic 
ones  (Figure  1).  CL- 20  hydrolysis  occurred  at  a  faster  rate 
(1.09  x  10~2  hr1)  than  was  observed  for  either  RDX  (7.21  x 
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FIGURE  3.  Typical  LC/MS  chromatograms  of  intermediates  formed 
during  hydrolysis  of  cyclic  nitramines  RDX,  MNX  and  HMX  in 
aqueous  media  at  pH  10.  (A)  RDX  after  8  days,  (B)  MNX  after  1  day, 
(C)  HM  X  after  15  days.  N  ote  that4-  nitro-2, 4-diaza-butanal  (4-NDAB ) 
appears  as  a  key  product  in  each  case. 


10“3h_1)orHMX(~l  x  lO^hr1)  but  slower  than  we  found 
for  MNX  (2.83  x  10~2  hr1).  The  faster  rate  of  hydrolysis 
observed  with  CL- 20  compared  to  RDX  and  HMX  decom¬ 
position  most  likely  arises  from  the  highly  strained  nature 
of  the  polycyclic  nitramine  cage  (29),  which  renders  CL- 20 
more  susceptible  to  nucleophilic  attack. 

We  were  unable  to  observe  any  RDX  nitroso  products 
(hexahydro-l-nitroso-3,5-dinitro-l,3,5-triazine  (M  NX),  hexahy- 
dro-l,3-dinitroso-5-nitro-l,3,5-triazine(DNX),  and  hexahy- 
dro-l,3,5-trinitroso-l,3,5-triazine  (TNX)),  which  is  also  con¬ 
sistent  with  other  reports  on  the  alkaline  hydrolysis  of  RDX 
(16-18).  Indeed  wefoundthathydrolysison  MNXunderthe 
same  conditions  failed  to  produce  the  dinitroso  (DNX)  or 
thetrinitroso  (TNX)  compounds.  Likewise,  when  we  hydro¬ 
lyzed  HMXand  CL-20atpH  10,  none  of  their  corresponding 
n  i  troso  p  rod  u  cts  were  observed .  T  h  ese  resu  I  ts  p  rovi  d  e  stron  g 
evidence  that  initial  denitration  is  a  key  step  responsible  for 
the  decomposition  of  cyclic  nitramines  in  water. 

For  RDX,  we  found  a  C  mass  balance  of  97%  distributed 
as  follows:  HCHO(31.3%),HCOOH  (2.3%),and02NNHCH2- 
NHCHO  (63.4%)  and  a  N  mass  balance  of  90. 7%  distributed 
as  follows:  N02~  (16.2%),  N20  (25.6%),  NH3  measured  as 
NH4+  (1.3%),  and  02NN HCH2N HCHO  (47.6%).  For  M  NX,  we 
found  a  C  massbalanceof  87.8%in  HCHO  (26.6%),  HCOOH 
(5.05%),  and  02NNHCH2NHCH0  (56.1%)  and  a  N  mass 
balanceof  60.45%distributed  as  follows:  N02~  (15.6%),  N20 
(0.14%),  NH3  measured  as  NH4+  (2.35%),  and  02NNHCH2- 
NHCHO  (42.1%).  Whereas  for  HMX,  we  found  a  C  mass 
balance  of  90%  distributed  as  follows:  HCHO  (46.2%),  02- 
NNHCH2NHCHO  (43.8%)  and  a  N  mass  balance  of  86% 
distributed  as  follows:  N02~  (14.7%),  N20  (38.5%),  02- 
NNHCH2NHCHO  (32.8%). 

I  dentification  of  Early  I  ntermediabesi  n  RDX  Hydrolysis. 

In  noneoftheLC/MSchromatogramsshown  (Figures3and 
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FIGURE  4.  LC/M  S  chromatograms  of  RDX  and  the  early  intermediates 
formed  during  its  degradation  in  acetonitrile™  ater  (70:30%  v/v)  at 
pH  12.3.  (A)  In  the  absence  of  HP//CD  and  (B)  in  the  presence  of 
HP//CD  (3%  w/v).  In  the  case  of  (B), the  chromatogram  was  obtained 
using  a  SynergiPolar-RP  column  (4.6mm  id.  x  15cm;  Phenomenex, 
Torrance,  CA)  at  25  °C,  and  eluted  using  a  methanol iwater  gradient. 
Ill:  4,6-dinitro-2,4,6-triaza-hexanal,  IV:  5- hy d rox y- 4- n i tro- 2,4-d i a za - 
pentanal. 

4)  were  we  able  to  directly  detect  pentahydro-3,5-dinitro- 
l,3,5-triaza-l-ene(ll).  Sincell  isan  enamine,  itshould  react 
quite  readily  with  water  through  its  reactive  -C=N  bond 
(30),  and  in  fact,  it  is  known  that  II  hydrolyzes  at  a  rate  5 
orders  of  magnitude  higher  than  RDX(I)  (16, 17).  Therefore, 
we  hydrolyzed  RDXin  a  MeCN:H20  mixturein  the  presence 
and  absence  of  HP-/3-CD  in  an  attempt  to  generate  and 
stabilize  sufficient  amounts  of  II  and  other  suspected  key 
intermediates  to  allow  their  detection. 

Figure  4A  shows  that  RDX  hydrolysis  in  a  MeCN:H20 
mixture  (70%  v/v)  produced  4-NDAB  (r.t.  3.6  min)  and  two 
additional  peaks  marked  III  (r.t.  6.7  min)  and  IV  (r.t.  4.4 
min).  Ill  was  detected  only  in  traceamounts,  but,  asdiscussed 
below,  the  presence  of  HP-/3-CD  increased  its  yield  (Figure 
4B).  Figure  5A  shows  III  with  a[M  -  FI]  at  192  Da,  matching 
a  molecular  mass  formula  of  C3H  7N5O5,  and  three  other  mass 
ion  fragments  at  46,  61,  and  118  Da,  representing  -N02, 
-NHN02,  and  the  deprotonated  mass  ion  of  02NNHCH2- 
NHCHO  (4-NDAB),  respectively.  When  ring-labeled  [15N]- 
RDX  was  used,  the  [M  -  FI]  ion  appeared  at  195  Da, 
confirming  that  this  intermediate  contained  all  three  15N 
atoms  originally  present  in  the  ring  structure  of  RDX.  In 
additi  on,  the  mass  i  on  fragments appeari  ng  at  118and  61  Da 
were  shifted  to  120  Da  (0214N15NHCH215NHCH0)  and  62  Da 
(-15NH14N02),  respectively.  We  tentatively  identified  III  as 
the  ring  cleavage  intermediate  4,6-dinitro-2,4,6-triaza-hexa- 
nal  (02NNFICFI2NN02CFI2NFICFI0),  considered  asa  hydro¬ 
lyzed  product  of  the  presumably  formed  denitrated  cyclo¬ 
hexene  intermediate  (II).  Previously,  we  demonstrated  that 
RDXphotolysisin  aqueoussolution  in  a  Rayonet  photoreactor 
at  350  nm  also  produced  intermediate  02NNHCH2NN02- 
CH2NHCHO,  which  was  also  attributed  to  the  hydration  of 
the  initially  formed  denitrated  intermediate  II  (8).  This, 
however,  is  the  first  report  of  the  formation  of  intermediate 
02NNHCH2NN02CH2NHCH0  via  the  alkaline  hydrolysis  of 
RDX. 

Meanwhile,  the  peak  labeled  IVexhibited  a  [M  -  FI]  at 
148  D  a,  match  i  n  g  a  mol  ecu  I  ar  mass  form  u  I  a  of  C3FI 7N  3O4. 1 V 
showed  three  other  mass  ion  fragments  at  46,  61,  and  118 
Da,  representing  -N02,  -NFIN02,  and  the  [M  -  FI]  of  02- 


FIGURE  5.  LC-M  S  (ES)mass  spectra  of  4,6-dinitro-4,6-diaza-hexanal 
(III)  (A),  5-hydroxy-4-nitro-2,4-diaza-pentanal  (IV)  (B),  and  its  15N 
labeled  analogue  15N-IV  (C). 


NNFICFI2NFICFIO,  respectively  (Figure  5B).  When  ring- 
labeled  [15N]-RDX  was  used,  the  [M  -  Fi]  ion  of  IV  shifted 
to  150  Da  (Figure  5C),  indicating  that  the  intermediate 
contained  only  two  of  the  three  ring-labeled  15N  atoms  in 
RDX.  In  addition,  the  [M  -  FI]  peaks  that  were  detected  at 
118  and  61  Da  shifted  to  120  (0214N15NHCH215NHCH0)  and 
62  Da  (-15NFI14N02)  Da,  respectively.  Therefore,  we  suggest¬ 
ed  that  the  [M  -  FI  ]  peak  detected  at  148  Da  arose  from  the 
ri  n  g  cl  eavage  p  rod  uct  5-  h  yd  roxy-  4-  n  i  tro-  2,4-  d  i  aza-  pen  tan  al 
(H0CH2NN02CH2NHCH0,  IV)  that  likely  formed  upon 
hydrolysis  of  02NNHCH2NN02CH2NHCH0  (III). 

When  we  hydrolyzed  RDX  (1%  w/v)  in  the  presence  of  3% 
FIP-/TCD  in  a  65:35  (v/v)  acetonitrile: water  mixture  at  pH 
12.3,  we  only  observed  III  and  4-NDAB  (Figure  4B).  As 
indicated  above,  we  had  hoped  that  the  use  of  FIP-/3-CD 
duringthehydrolysisofl  would  stabilizeitsinitial  denitrated 
intermediate  (II)  through  the  formation  of  an  inclusion 
complex  and  thus  facilitateits  detection.  Instead,  it  appears 
that  the  addition  of  H  P-/8-CD  stabilized  III  and  allowed  its 
unequivocal  detection. 

Decomposition  Pathways  of  RDX.  Based  on  product 
distribution  and  mass  balance  studies  (Table  1)  and  the 
critical  observation  that  denitration  wasa  key  step  responsible 
for  degradation  of  cyclic  nitramines  we  proposed  a  degrada¬ 
tion  pathway  for  RDX  as  shown  in  Figure  6.  The  novel  input 
in  thepresentstudy  isthediscovery  of  several  ring  cleavage 
products  including  III,  IV,  and  4-NDAB  (Figure  6).  Although 
we  were  u  n  ab I  e  to  d etect  th e  i  n  i  ti  al  I  y  d en  i  trated  i  n  ter med  i  ate 
3,5-dinitro-l,3,5-triazacyclohex-l-ene  (II)  due  to  its  rapid 
hydrolysis  i  n  water  (16),  we  wereableto  detect  its  hydrolyzed 
product  III. 

Figu  re  2  shows  that  for  every  moleof  RDX  that  disappears, 
approximately  1  mol  of  4-nitro-2,4-diaza-butanal  (4-NDAB) 
isformed.  Flowever,  wefound  that  thedisappearanceof  0.14 
/(mol  of  RDX  was  accompanied  by  the  formation  of  only  0.04 
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TABLE  1.  Normalized  Molar  Yields  of  the  Products  Obtained  upon  Alkaline  Hydrolysis  (pH  10)  of  the  Cyclic  Nitramines  RDX,  MNX, 
HMX,  and  CL-20d 


cyclic  nitramine 

no2 

n2o 

NH„+ 

4-NDAB 

HCHO 

HC00 

RDXa 

0.972  ±  0.056 

0.770  ±  0.130 

0.075  ±  0.032 

0.951  ±  0.005 

0.939  ±  0.037 

0.070  ±  0.005 

MNXa 

0.935  ±  0.005 

0.008  ±  0.001 

0.141  ±  0.035 

0.842  ±  0.032 

0.800  ±  0.027 

0.152  ±  0.008 

FiMXb 

1.15  ±  0.03 

1.48  ±  0.06 

ndc 

0.859  ±  0.016 

1.82  ±  0.04 

ndc 

CL-20b 

1.91  ±  0.09 

0.910  ±  0.100 

0.793  ±  0.049 

not  formed 

not  formed 

0.493  ±  0.007 

a  Values  are  the  average  of  data  from  three  replicate  measurements;  error  values  are  the  standard  deviation.  b  Values  are  the  average  of  data 
from  duplicate  measurements;  error  values  are  the  standard  deviation.  c  Due  to  its  slow  reaction  rate,  monitoring  of  HMX  hydrolysis  was  stopped 
after  21  days.  It  is  possible  that  NH3  and  HCOO~  formed  but  were  at  levels  less  than  the  detection  limit  of  the  capillary  electrophoresis  method. 
"A/alues  were  calculated  from  the  product  concentrations  obtained  at  the  end  of  each  experiment,  and  the  stoichiometries  are  calculated  based 
on  the  number  of  moles  of  product  observed  for  each  mole  of  reactant  consumed. 
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FIGURE  6.  Major  (attack  at  Cl)  and  minor  (attack  at  C2)  pathways  for  the  alkaline  hydrolysis  of  RDX.  Bracketed  compounds  were  not 
observed. 


/dnol  of  4-NDAB  during  the  first  3  h,  suggesting  that  there 
are  intermediates  en  route  to  4-NDAB.  Also,  both  intermedi¬ 
ates  III  and  IV  were  found  to  contain  a  strong  mass  ion 
fragment  at  118  Da  (Figure  5)  characteristic  of  the  [M  -  H] 
assigned  to  4-NDAB,  indicating  that  both  III  and  IV act  as 
precursors  to  the  dead  end  product  4-NDAB. 

Intermediates  III  and  I V have  different  C-N  bonds  that 
are  subject  to  hydrolytic  cleavage.  A  plausible  route  for  the 
formation  of  the  novel  intermediate  observed  with  a  [M  - 
H]  at  148  Da  (IV)  could  be  via  nucleophilic  attack  by  OH~ 
at  the  C  atom  of  the  NH-C1  bond  in  III,  accompanied  by 
the  loss  of  NH2N02  (Figure  6).  IV  could  then  decompose  to 
form  4-  N  D  AB  an  d  FI  C  FI  O .  Al  tern  ati  vel  y,  cl  eavage  of  th  e  C 1- 
NN02  bond  in  III  would  directly  give  rise  to  4-NDAB  and 


hydroxymethyl  nitramide,  O2NNFICFI2OFI  (Figure  6).  Flow- 
ever  O2NNFICFI2OFI,  being  an  a-hydroxyalkyl  nitramine,  is 
expected  to  beunstablei  n  water  and  should  thusdecompose 
to  FH CH O  and  N20  (31).  Finally,  cleavage  at  the  C2-NN02 
bond  in  III  would  lead  to  the  production  of  methylene 
dinitramine  (V)  and  formamide,  NFi2CFIO  (Figure  6).  Al¬ 
though  Vwas  not  detected,  its  presence  cannot  be  excluded 
since  it  decomposes  rapidly  under  alkaline  conditions  to 
produce  FHCFHO  and  N20  (32). 

Clearly,  nucleophilic  attack  at  the  Cl  position  in  III  is 
favored  because  Cl,  being  surrounded  on  both  sides  by 
stronger  electron-withdrawing  nitramine  groups,  is  more 
electrophilic  than  C2.  Consequently,  Cl  is  more  susceptible 
to  nucleophilic  attack  by  OFI~  than  C2,  explaining  why  attack 
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at  C2  (producing  HCOO~  and  NH4+)  is  of  only  minor 
importance  (Tablet).  Interestingly,  we  observed  III  during 
both  RDX  photodenitration  at  350  nm  (8)  and  the  present 
alkaline  hydrolysis  but  were  unable  to  observe  IV  prior  to 
th  i  s  work.  H  owever,  theCl-NHbondcl  eavage  th  at  produ  ces 
IV  (Figure  6)  is  favored  only  when  the  solution  pH  exceeds 
the  nitramine  p/Ca  of  6.55  (33),  at  which  point  nitramine  can 
serve  as  a  leaving  group.  Hence,  we  were  able  to  observe 
intermediate  IVduring  alkaline  hydrolysisat  pH  10  but  not 
during  photolysis  at  pH  5.5  (8). 

The  pathway  proposed  previously  for  photodenitration 
(8)  is  strikingly  similar  to  the  one  proposed  in  the  present 
study.  However,  in  contrast  to  the  single  denitration  event 
seen  during  either  alkaline  hydrolysis  (present  study)  or 
photodenitration  (8),  Fournier  et  al.  (11)  reported  the 
occurrence  of  two  enzymatic  denitration  events  en  route  to 
producing  4-NDAB.  However,  under  extreme  conditions 
([NaOH]  >  19  M),  the  occurrence  of  two  denitration  events 
has  been  reported  for  RDX  (16). 

Both  M  NX  and  HMXalsohydrolyzevia  initial  denitration 
to  produce  N02~,  followed  by  a  ring  cleavage  and  spontane¬ 
ous  decomposition  to  N20,  HCHO,  and  4-NDAB.  These 
findings  indicate  that  the  mechanism  postulated  for  the 
alkaline  hydrolysis  of  RDX  applies  more  broadly  to  other 
monocyclic  nitramine  explosives.  For  MNX,  the  analogous 
intermediate  to  III  is0NNHC1H2NN02C2H2NHCH0(4-ni  tro- 
6-nitroso-2,4,6-triaza-hexanal).SincetheC-2positionofthis 
analogue  is  expected  to  be  more  electrophilic  than  the  C-2 
position  in  III  itself,  it  becomes  more  amenable  for  nucleo¬ 
philic  substitution  by  OH~.  As  a  result,  the  minor  pathway 
producingNH3and  HCOOmsof  somewhat  moreimportance 
with  MNX  than  it  is  for  RDX  (see  Table  1  for  product 
distribution). 

Finally,  although  the  polycyclic  nitramine  CL-20  is 
structurally  different  from  the  monocyclic  RDX,  MNX,  and 
H  M  X,  i  ts  decomposi  ti  on  was  al  so  fou  nd  to  proceed  vi  a  i  ni  ti  al 
denitration  (2  molar  equiv  of  N02~)  to  give  end  products 
includingN20,  NH3,  and  HCOO~  (Table  1).  However,  further 
studies  are  warranted  to  determine  its  intermediates  and 
other  ring  cleavage  products. 

Inconclusion, thep  resent  resultsconfirmthehypothesis 
that  a  successful  initial  (primary)  attack,  denitration  in  this 
case,  i  s  the  most  cri  ti  cal  step  i  n  the  degradati  on  of  monocycl  i  c 
and  polycyclic  nitramines.  Once  denitration  occurs,  ring 
cleavage  becomes  spontaneous  and  is  dictated  by  the 
chemistry  of  the  ensuing  intermediates  in  water.  The 
si  m  i  I  ari  ti  es  observed  inthedecomposition  pattern  s  of  cycl  i  c 
nitramines  under  various  chemical  (present  study),  photo¬ 
chemical  (8),  and  biochemical  (11)  conditions  suggest  that 
theemploymentofamore rapid  chemical  denitration  process 
might  serve  as  a  useful  probe  into  the  early  stages  of  the 
enzymatic  and  microbial  mechanisms  responsible  for  their 
decomposition. 
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The  microbial  and  enzymatic  degradation  of  a  new  energetic  compound,  2,4,6,8,10,12-hexanitro-2,4,6,8,10,12- 
hexaazaisowurtzitane  (CL-20),  is  not  well  understood.  Fundamental  knowledge  about  the  mechanism  of 
microbial  degradation  of  CL-20  is  essential  to  allow  the  prediction  of  its  fate  in  the  environment.  In  the  present 
study,  a  CL-20-degrading  denitrifying  strain  capable  of  utilizing  CL-20  as  the  sole  nitrogen  source,  Pseudo¬ 
monas  sp.  strain  FA1,  was  isolated  from  a  garden  soil.  Studies  with  intact  cells  showed  that  aerobic  conditions 
were  required  for  bacterial  growth  and  that  anaerobic  conditions  enhanced  CL-20  biotransformation.  An 
enzyme(s)  involved  in  the  initial  biotransformation  of  CL-20  was  shown  to  be  membrane  associated  and  NADH 
dependent,  and  its  expression  was  up-regulated  about  2.2-fold  in  CL-20-induced  cells.  The  rates  of  CL-20 
biotransformation  by  the  resting  cells  and  the  membrane-enzyme  preparation  were  3.2  ±  0.1  nmol  h-1  mg  of 
cell  biomass-1  and  11.5  ±  0.4  nmol  h-1  mg  of  protein-1,  respectively,  under  anaerobic  conditions.  In  the 
membrane-enzyme-catalyzed  reactions,  2.3  nitrite  ions  (N02- ),  1.5  molecules  of  nitrous  oxide  (N20),  and  1.7 
molecules  of  formic  acid  (HCOOH)  were  produced  per  reacted  CL-20  molecule.  The  membrane-enzyme 
preparation  reduced  nitrite  to  nitrous  oxide  under  anaerobic  conditions.  A  comparative  study  of  native 
enzymes,  deflavoenzymes,  and  a  reconstituted  enzyme(s)  and  their  subsequent  inhibition  by  diphenyliodonium 
revealed  that  biotransformation  of  CL-20  is  catalyzed  by  a  membrane-associated  flavoenzyme.  The  latter 
catalyzed  an  oxygen-sensitive  one-electron  transfer  reaction  that  caused  initial  N  denitration  of  CL-20. 


2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane 
(CL-20)  is  a  high-energy  polycyclic  nitramine  compound  (17) 
with  a  rigid  caged  structure  (Fig.  1).  Due  to  its  high  energy 
content  and  superior  explosive  properties,  it  may  replace  con¬ 
ventionally  used  explosives  such  as  hexahydro-l,3,5-trinitro- 
1,3,5-triazine  (RDX)  and  octahydro-1, 3,5, 7-tetranitro-l, 3,5,7- 
tetrazocine  (HMX)  in  the  future.  The  environmental, 
biological,  and  health  impacts  of  this  energetic  chemical  and  its 
metabolic  products  are  not  known.  The  severe  environmental 
contamination  and  biological  toxicity  of  the  widely  used  mono- 
cyclic  nitramine  explosives  RDX  and  HMX  are  already  well 
documented  (11, 13, 16,  22).  It  is  likely  that  due  to  its  structural 
similarity  with  RDX  and  HMX,  CL-20  may  also  pose  a  serious 
threat  to  the  environment  by  contaminating  soils,  sediments, 
and  groundwater.  Therefore,  the  microbial  degradation  of 
CL-20  should  be  studied  under  in  vitro  and  in  vivo  conditions 
in  order  to  determine  the  reaction  products  and  to  gain  in¬ 
sights  into  the  mechanisms  involved  in  its  degradation. 

Previous  reports  on  the  biodegradation  and  biotransforma¬ 
tion  of  RDX  and  HMX  by  a  variety  of  microorganisms  (aer¬ 
obic,  anaerobic,  and  facultative  anaerobes)  and  enzymes  have 
shown  that  initial  N  denitration  can  lead  to  ring  cleavage  and 
decomposition  (3,  5-6,  9,  12-15,  21,  26).  In  a  recent  study, 
Trott  et  al.  (24)  reported  the  aerobic  biodegradation  of  CL-20 
by  the  soil  isolate  Agrobacterium  sp.  strain  JS71.  The  isolate 
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utilized  CL-20  as  the  sole  nitrogen  source  and  assimilated  3 
mol  of  nitrogen  per  mol  of  CL-20.  However,  no  information 
was  provided  about  the  mechanism  of  CL-20  biodegradation. 

In  the  present  study,  a  denitrifying  Pseudomonas  sp.  strain, 
FA1,  that  utilized  CL-20  as  a  sole  nitrogen  source  was  isolated 
from  a  garden  soil  sample.  The  CL-20  biotransformation  con¬ 
ditions  were  optimized  in  aqueous  medium.  The  nature  and 
function  of  the  enzyme(s)  responsible  for  the  biotransforma¬ 
tion  of  CL-20  by  strain  FA1  were  studied.  Stoichiometries  of 
the  products  formed  during  the  biotransformation  of  CL-20  by 
the  membrane-associated  enzyme(s)  from  Pseudomonas  sp. 
strain  FA1  were  determined,  and  an  initial  enzymatic  N  deni¬ 
tration  reaction  mechanism  is  proposed. 

MATERIALS  AND  METHODS 

Chemicals.  CL-20  in  e  form  and  at  99.3%  purity  was  provided  by  ATK  Thiokol 
Propulsion,  Brigham  City,  Utah.  NADH,  NADPH,  diphenyliodonium  chloride 
(DPI),  flavin  mononucleotide  (FMN),  flavin  adenine  dinucleotide  (FAD), 
NaN02,  dicumarol,  2,2-dipyridyl,  2-methyl- l,2-di-3-pyridyl-l-propanone  (me- 
tyrapone),  and  phenylmethanesulfonyl  fluoride  were  purchased  from  Sigma 
Chemicals,  Oakville,  Ontario,  Canada. 

Nitrous  oxide  (N20)  was  purchased  from  Scott  specialty  gases,  Sarnia,  On¬ 
tario,  Canada.  Carbon  monoxide  (CO)  was  purchased  from  Aldrich  Chemical 
Company,  Milwaukee,  Wis.  All  other  chemicals  were  of  the  highest  purity  avail¬ 
able. 

Isolation  and  identification  of  the  CL-20-degrading  strain.  One  gram  of  gar¬ 
den  soil  was  suspended  in  20  ml  of  minimal  medium  (ingredients  per  liter  of 
deionized  water:  K2HP04,  1.22  g;  KH2P04,  0.61  g;  NaCl,  0.20  g;  MgS04,  0.20  g; 
and  succinate,  8.00  g  [pH  7.0])  supplemented  with  CL-20  at  a  final  concentration 
of  4.38  mg  liter-1  added  from  a  10,000-mg  liter-1  stock  solution  made  in 
acetone.  The  inoculated  medium  was  incubated  under  aerobic  conditions  at  30°C 
on  an  orbital  shaker  (150  rpm)  in  the  dark.  The  disappearance  of  CL-20  was 
monitored  over  several  days.  The  enriched  culture  was  plated  periodically  onto 
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the  same  medium  with  1.8%  agar  (Difco,  Becton  Dickinson  and  Co.,  Sparks, 
Md.),  and  surfaces  of  solidified  agar  plates  were  layered  with  10  (jlM  CL-20.  The 
isolated  colonies  were  subcultured  three  times  with  the  same  agar  plates  and 
were  tested  for  their  ability  to  biotransform  CL-20  in  liquid  medium.  Of  the  few 
isolated  bacterial  strains,  a  denitrifying  strain  capable  of  utilizing  CL-20  as  a  sole 
nitrogen  source,  FA1,  was  selected  for  further  study. 

For  identification  and  characterization  of  strain  FA1,  we  used  the  standard 
biochemical  techniques  reported  in  Bergey’s  Manual  of  Systematic  Bacteriology 
(19).  Total  cellular  fatty  acids  (fatty  acid  methyl  ester)  analysis  and  16S  rRNA 
gene  analysis  were  performed  and  analyzed  by  MIDI  Laboratories  (Newark, 
Del.). 

Biotransformation  studies  with  strain  FA1.  In  biotransformation  studies, 
CL-20  was  added  to  the  medium  in  concentrations  above  saturation  levels  (i.e., 
>10  |jiM  or  4.38  mg  liter-1)  from  a  10,000-mg  liter-1  stock  solution  made  in 
acetone.  The  aqueous  solubility  of  CL-20  has  been  reported  as  3.6  mg  liter-1  at 
25°C  (10).  Higher  CL-20  concentrations  were  used  in  order  to  detect  and  quan¬ 
tify  the  metabolites  which  are  otherwise  produced  in  trace  amounts  during 
biotransformation.  To  determine  the  residual  CL-20  during  biotransformation 
studies,  the  media  were  inoculated  in  multiple  identical  batches  of  serum  bottles. 
At  each  time  point,  the  total  CL-20  content  in  one  serum  bottle  was  solubilized 
in  50%  aqueous  acetonitrile  and  analyzed  by  a  high-performance  liquid  chro¬ 
matography  (HPLC)  (mentioned  below). 

A  minimal  medium  (MM)  was  used  for  the  CL-20  biotransformation  studies 
and  was  composed  of  (per  liter  of  deionized  water)  1.22  g  of  K2HP04,  0.61  g  of 
KH2P04,  0.20  g  of  NaCl,  0.20  g  of  MgS04,  8.00  g  of  succinate,  and  10  ml  of  trace 
elements  (pH  7.0).  Modified  Wolfe’s  mineral  solution  was  used  as  the  trace 
element  solution  and  was  composed  of  (per  liter  of  deionized  water)  0.20  g  of 
MnS04-H20,  0.10  g  of  CaCl2-2H20,  0.10  g  of  CoC12-6H20,  0.15  g  of  ZnCl2, 
0.01  g  of  CuS04-5H20,  0.10  g  of  FeS04-7H20,  0.05  g  of  Na2Mo04,  0.05  g  of 
NiCl2-6H20,  and  0.05  g  of  Na2W04-2H20. 

A  comparative-growth  experiment  was  performed  with  (NH4)2S04  and  CL-20 
as  sole  nitrogen  sources  to  determine  the  number  of  nitrogen  atoms  from  CL-20 
that  were  incorporated  into  the  biomass.  Cells  were  grown  in  MM  containing 
increasing  concentrations  of  either  (NH4)2S04  or  CL-20  as  a  sole  nitrogen 
source  at  30°C  under  aerobic  conditions  on  an  orbital  shaker  (150  rpm)  in  the 
dark  for  16  h.  After  the  incubation  period,  the  microbial  growth  yield  in  the  form 
of  total  viable-cell  counts  were  determined  by  a  standard  plate  count  method.  In 
this  method,  the  cultures  were  serially  diluted  in  sterile  phosphate-buffered 
saline  (PBS)  and  spread  plated  onto  Luria-Bertani  agar  plates  (per  liter  of 
deionized  water,  10  g  of  tryptone,  5  g  of  yeast  extract,  10  g  of  NaCl,  and  15  g  of 
agar).  All  ingredients,  except  NaCl,  were  purchased  from  Becton  Dickinson  and 
Company.  The  plates  were  incubated  at  30°C  overnight.  After  incubation,  the 
number  of  bacterial  colonies  grown  in  the  plates  was  considered  to  determine  the 
total  viable-cell  count  per  ml  of  the  culture. 

In  order  to  determine  the  effect  of  alternate  cycles  of  aerobic  and  anaerobic 
growth  conditions  on  CL-20  biotransformation  by  the  isolate  FA1,  cells  were 
grown  in  MM  containing  10  mM  (NH4)2S04  and  25  pM  CL-20  in  two  serum 
bottles  under  aerobic  conditions  up  to  a  late  log  phase  (optical  density  at  600  nm 
[OD600],  ~0.60),  and  then  anaerobic  conditions  were  created  in  one  of  the  two 
growing  cultures  by  flushing  the  headspace  with  argon  for  30  min.  The  cultures 
were  further  grown  to  stationary  phase.  Growth  and  CL-20  disappearance  in 
both  serum  bottles  were  monitored  over  the  course  of  the  experiment. 

To  determine  whether  the  enzyme  system  responsible  for  CL-20  biotransfor¬ 
mation  was  induced  or  constitutive,  two  batches  of  cells  were  grown  in  MM 
containing  10  mM  (NH4)2S04  in  the  presence  and  absence  of  CL-20  (10  pM).  At 
mid-log  phase,  the  cells  were  harvested  by  centrifugation  at  4°C  and  washed 
three  times  with  PBS,  pH  7.0.  The  washed  cells  (5  mg  of  wet  biomass/ml)  were 


tested  for  their  ability  to  biotransform  CL-20  under  aerobic  and  anaerobic 
conditions. 

Preparation  of  cytosolic  and  membrane-associated  enzymes.  Bacterial  cells 
were  cultured  in  2  liters  of  MM  containing  10  mM  (NH4)2S04  up  to  a  mid-log 
phase  (8  to  9  h;  OD600,  0.45)  at  30°C  and  then  induced  with  10  pM  CL-20.  After 
induction,  the  cells  were  further  incubated  up  to  12  to  16  h  (OD600,  0.95).  Cells 
were  harvested  by  centrifugation,  washed  three  times  with  PBS  (pH  7.0),  and 
then  suspended  in  50  mM  potassium  phosphate  buffer  (pH  7.0)  containing  1  mM 
phenylmethanesulfonyl  acid  and  100  mM  NaCl.  The  washed  cell  biomass  (0.2 
g/ml)  was  subjected  to  disruption  with  a  French  press  at  20,000  lb/in2.  The 
disrupted  cell  suspension  was  centrifuged  at  9,000  X  g  for  30  min  at  4°C  to 
remove  cell  debris  and  undisrupted  cells.  The  supernatant  was  centrifuged  at 
165,000  X  g  for  1  h  at  4°C.  The  pellet  (membrane  protein  fraction)  and  super¬ 
natant  (soluble-protein  fraction)  thus  obtained  were  separated  and  mixed  with 
10%  glycerol,  and  aliquots  were  prepared  and  stored  at  —  20°C  until  further  use. 
The  protein  content  was  determined  with  a  bicinchoninic  acid  protein  assay  kit 
from  Pierce  Chemical  Company,  Rockford,  Ill. 

Total  flavin  (FMN  and  FAD)  contents  in  the  crude  extract,  the  membrane 
fraction,  and  the  soluble-protein  fractions  were  determined  by  a  spectrophoto- 
metric  method  described  by  Aliverti  et  al.  (1).  Deflavoenzyme(s)  and  reconsti¬ 
tuted  deflavoenzyme(s)  were  prepared  as  described  before  (3). 

Biotransformation  assays.  Enzyme-catalyzed  biotransformation  assays  were 
performed  under  aerobic  as  well  as  anaerobic  conditions  in  6-ml  glass  vials. 
Anaerobic  conditions  were  created  by  purging  all  the  solutions  with  argon  gas 
three  times  (10  min  each  time  at  10-min  intervals)  and  replacing  the  headspace 
air  with  argon  in  sealed  vials.  Each  assay  vial  contained,  in  1  ml  of  assay  mixture, 
CL-20  (25  (xM),  NADH  or  NADPH  (150  fxM),  a  soluble-enzyme  or  membrane 
enzyme  preparation  (1.0  mg),  and  potassium  phosphate  buffer  (50  mM,  pH  7.0). 
Reactions  were  performed  at  30°C.  Different  controls  were  prepared  by  omitting 
enzyme,  CL-20,  or  NADH  from  the  assay  mixture.  Boiled  enzyme  was  also  used 
as  a  negative  control.  Residual  NADH  or  NADPH  was  measured  as  described 
before  (3).  Samples  from  the  liquid  and  gas  phases  in  the  vials  were  analyzed  for 
residual  CL-20  and  biotransformed  products.  The  CL-20  biotransformation  ac¬ 
tivity  of  the  enzyme(s)  was  expressed  as  nanomoles  per  hour  per  milligram  of 
protein  unless  otherwise  stated. 

The  bioconversion  of  nitrite  to  nitrous  oxide  was  determined  by  incubating  20 
pM  NaN02  with  a  membrane  enzyme  preparation  using  NADH  as  the  electron 
donor.  The  disappearance  of  nitrite  and  the  formation  of  nitrous  oxide  were 
measured  periodically.  Results  were  compared  with  those  for  a  control  without 
NaN02. 

Enzyme  inhibition  studies.  Inhibition  with  DPI,  an  inhibitor  of  flavoenzymes 
that  acts  by  forming  a  flavin-phenyl  adduct  (7),  was  assessed  by  incubating  the 
enzyme  preparation  with  DPI  at  different  concentrations  (0  to  2.0  mM)  at  room 
temperature  for  30  min  before  CL-20  biotransformation  activities  were  deter¬ 
mined.  Other  enzyme  inhibitors,  such  as  dicumarol,  carbon  monoxide  (60  s  of 
bubbling  through  the  enzyme  solution),  metyrapone,  and  2,2-dipyridyl,  were 
incubated  with  the  enzyme  preparation  at  different  concentrations  for  30  min  at 
room  temperature.  Thereafter,  the  CL-20  biotransformation  activity  of  the 
treated  enzyme  was  determined. 

Analytical  procedures.  CL-20  was  analyzed  with  an  HPLC  connected  to  a 
photodiode  array  detector  (A.,  230  nm).  Samples  (50  pi)  were  injected  into  a 
Supelcosil  LC-CN  column  (4.6  mm  [inside  diameter]  by  25  cm)  (Supelco, 
Oakville,  Ontario,  Canada),  and  the  analytes  were  eluted  with  an  isocratic  mobile 
phase  of  70%  methanol  in  water  at  a  flow  rate  of  1.0  ml/min. 

Nitrite  (N02 ),  nitrous  oxide  (N20),  and  formaldehyde  (HCHO)  were  ana¬ 
lyzed  by  previously  reported  methods  (3-5). 

Formic  acid  (HCOOH)  was  measured  using  an  HPLC  from  Waters  (pump 
model  600  and  autosampler  model  717  plus)  equipped  with  a  conductivity  de¬ 
tector  (model  430).  The  separation  was  made  on  a  DIONEX  IonPac  AS15 
column  (2  by  250  mm).  The  mobile  phase  was  30  mM  KOH,  with  a  flow  rate  of 
0.4  ml/min  at  40°C.  The  detection  of  formic  acid  was  enhanced  by  reducing  the 
background  with  an  autosuppressor  from  ALTECH  (model  DS-Plus),  and  the 
detection  limit  was  100  ppb. 

Nucleotide  sequence  accession  number.  The  16S  rRNA  gene  sequence  of 
Pseudomonas  sp.  strain  FA1  was  deposited  in  GenBank  under  accession  number 
AY312988. 

RESULTS  AND  DISCUSSION 

Isolation  and  identification  of  CL-20-degrading  strain  FA1. 

The  standard  enrichment  techniques  were  used  to  isolate  CL- 
20-degrading  strains  from  garden  soil  samples.  The  enrichment 
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experiments  were  carried  out  over  a  period  of  3  weeks,  and 
four  CL-20-degrading  strains  designated  FA1  to  FA4  were 
isolated.  Strain  FA1  biotransformed  CL-20  at  a  higher  rate 
than  those  of  the  other  isolates  (data  not  shown)  and  was 
capable  of  utilizing  CL-20  as  a  sole  nitrogen  source;  therefore, 
it  was  selected  for  further  study. 

Strain  FA2  was  identified  as  a  Bacillus  species  by  16S  rRNA 
gene  analysis,  while  strains  FA3  and  FA4  remained  unidenti¬ 
fied.  FA1  was  characterized  by  standard  biochemical  tests 
mentioned  in  Bergey’s  Manual  of  Systematic  Bacteriology  (19). 
Strain  FA1  was  a  non-spore -forming,  gram-negative,  motile 
bacterium  with  a  small  rod  structure  (approximately  1.5  to  2.0 
|xm).  Biochemically,  it  showed  positive  results  for  oxidase, 
catalase,  and  nitrite  reductase  and  utilized  succinate,  fumarate, 
acetate,  glycerol,  and  ethanol  as  sole  carbon  sources.  It  utilized 
CL-20,  ammonium  sulfate,  ammonium  chloride,  and  sodium 
nitrite  as  sole  nitrogen  sources.  Total  cellular  fatty  acid  methyl 
ester  analysis  of  strain  FA1  showed  a  similarity  index  of  0.748 
with  Pseudomonas  putida  biotype  A.  On  the  other  hand,  16S 
rRNA  gene  analysis  showed  that  strain  FA1  was  99%  similar  to 
Pseudomonas  sp.  strain  C22B  (GenBank  accession  number 
AF408939)  isolated  from  a  soil  sample  in  a  shipping  container. 
No  published  data  are  available  with  regard  to  strain  C22B.  On 
the  basis  of  the  above  data,  we  identified  and  named  strain 
FA1  Pseudomonas  sp.  strain  FA1. 

Growth  of  strain  FA1  on  CL-20  as  a  nitrogen  source.  As 
mentioned  above,  strain  FA1  was  capable  of  utilizing  CL-20, 
ammonium  sulfate,  ammonium  chloride,  and  sodium  nitrite  as 
sole  nitrogen  sources.  In  order  to  determine  the  number  of 
nitrogen  atoms  from  CL-20  that  were  incorporated  into  bio¬ 
mass,  cells  were  grown  in  MM  containing  different  concentra¬ 
tions  of  either  (NH4)2S04  or  CL-20.  After  incubation,  the 
growth  yield  in  the  form  of  total  viable-cell  counts  was  deter¬ 
mined.  The  growth  yield  using  CL-20  as  the  nitrogen  source 
was  about  1. 83-fold  higher  than  that  observed  with  (NH4)2S04 
(Fig.  2).  No  growth  was  observed  in  the  control  experiment 
without  any  nitrogen  source.  The  ratio  of  growth  yields  in 
(NH4)2S04  to  those  in  CL-20  (Fig.  2)  indicated  that  of  the  12 
nitrogen  atoms  per  CL-20  molecule,  approximately  4  nitrogen 
atoms  were  assimilated  into  the  biomass.  In  a  previous  report, 
a  soil  isolate,  Agrobacterium  sp.  strain  JS71,  utilized  CL-20  as  a 
sole  nitrogen  source  and  assimilated  3  mol  of  nitrogen  per  mol 
of  CL-20  (24). 

Biotransformation  of  CL-20  by  intact  cells.  In  a  study  of  the 
effect  of  an  alternate  cycle  of  aerobic  and  anaerobic  growth 
conditions  on  CL-20  biotransformation,  we  observed  that  after 
anaerobic  conditions  were  created  in  one  of  the  two  growing 
cultures  at  9  h  of  growth,  most  of  the  CL-20  was  biotrans¬ 
formed  in  the  subsequent  2  h  of  incubation  but  that  under 
aerobic  conditions,  it  took  more  than  20  h  to  biotransform  the 
same  amount  of  CL-20  (Fig.  3).  This  experimental  finding 
indicated  that  the  growth  of  Pseudomonas  sp.  strain  FA1  was 
faster  under  aerobic  conditions  and  that  CL-20  biotransforma¬ 
tion  by  the  mid-log-phase  (8-  to  9-h)  culture  was  more  rapid 
under  anaerobic  conditions. 

An  experiment  with  uninduced  and  CL-20  (10  p,M)-induced 
cells  showed  CL-20  biotransformation  activities  of  1.4  ±  0.05 
and  3.2  ±  0.1  nmol  h-1  mg  of  protein-1,  respectively,  indicat¬ 
ing  that  CL-20  was  biotransformed  at  a  2.2-fold-higher  rate  by 
the  induced  cells  than  by  the  uninduced  cells.  This  experimen- 


FIG.  2.  Growth  of  Pseudomonas  sp.  strain  FA1  at  various  concen¬ 
trations  of  CL-20  (O)  and  (NH4)2S04  (•).  The  viable-cell  count  in 
early-stationary-phase  culture  (16  h)  was  determined  for  each  nitrogen 
concentration.  The  linear-regression  curve  for  (NH4)2S04  has  a  gra¬ 
dient  of  0.122  and  an  r2  of  0.990.  The  linear-regression  curve  for  CL-20 
has  a  gradient  of  0.224  and  an  r2  of  0.992.  Data  are  means  of  results 
from  duplicate  experiments,  and  error  bars  indicate  standard  errors. 
Some  error  bars  are  not  visible  due  to  their  small  size. 


tal  finding  indicated  that  there  may  have  been  an  up-regulation 
of  an  enzyme  in  the  induced  cells  that  might  have  been  re¬ 
sponsible  for  CL-20  biotransformation.  In  addition,  the  in¬ 
crease  in  activity  may  have  been  due  to  an  improved  uptake  of 
CL-20  following  induction  of  the  cells  with  CL-20. 

Localization  of  the  enzyme  (s)  responsible  for  CL-20  bio¬ 
transformation.  The  CL-20  biotransformation  activities  of  cell 
crude  extract,  the  cytosolic  soluble  enzyme(s),  and  the  mem¬ 
brane  enzyme(s)  were  determined  under  aerobic  as  well  as 
anaerobic  conditions.  We  found  that  all  three  enzyme  fractions 
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FIG.  3.  Effects  of  an  alternating  cycle  of  aerobic  and  anaerobic 
growth  conditions  on  the  biotransformation  of  CL-20  by  Pseudomonas 
sp.  strain  FA1.  Shown  are  levels  of  growth  (A)  and  CL-20  degradation 
(•)  under  aerobic  conditions.  Open  triangles  and  circles  show  the 
levels  of  growth  and  CL-20  biotransformation,  respectively,  under  aer¬ 
obic  conditions  (for  the  first  9  h)  and  then  under  anaerobic  conditions. 
Data  are  means  of  results  from  triplicate  experiments,  and  error  bars 
indicate  standard  errors.  Some  error  bars  are  not  visible  due  to  their 
small  size. 
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TABLE  1 .  Effect  of  flavin  contents  in  native-  and  deflavoenzyme  preparations  on  the  CL-20  biotransformation  activities  of  various  enzyme 

fractions  from  Pseudomonas  sp.  strain  FA1  under  anaerobic  conditions" 


Enzyme(s) 

Total  flavin  content  in 
native  enzyme(s) 
(nmol/mg  of  protein) 

CL-20  biotransformation  activity 
of  native  enzyme(s) 

(nmol  h-1  mg  of  protein-1) 

Total  Flavin  content  in 
deflavoenzyme(s) 
(nmol/mg  of  protein) 

CL-20  biotransformation  activity 
of  deflavoenzyme(s) 

(nmol  h-1  mg  of  protein-1) 

Cell  crude  extract 

22.6  ±  1.3 

15.6  ±  0.7 

ND 

ND 

Cytosolic  soluble 
enzyme(s) 

5.5  ±  0.2 

2.3  ±  0.05 

1.2  ±  0.2 

0.5  ±  0.05 

Membrane-associated 
enzyme  (s) 

12.6  ±  0.6 

11.5  ±  0.4 

3.8  ±  0.3 

2.7  ±  0.1 

"  Data  are  means  ±  standard  errors  from  triplicate  experiments.  ND,  not  determined. 


exhibited  higher  activities  under  anaerobic  conditions  (Table 
1)  than  those  observed  under  aerobic  conditions  (data  not 
shown).  In  the  case  of  the  membrane  enzyme(s),  CL-20  bio¬ 
transformation  was  about  fivefold  higher  under  anaerobic  con¬ 
ditions  (11.5  ±  0.4  nmol  h-1  mg  of  protein-1)  than  under 
aerobic  conditions  (2.5  ±  0.1  nmol  h-1  mg  of  protein-1), 
indicating  the  involvement  of  an  initial  oxygen-sensitive  step 
during  the  biotransformation  of  CL-20.  As  a  result,  the  subse¬ 
quent  study  was  carried  out  under  anaerobic  conditions. 

The  CL-20  biotransformation  activity  of  the  membrane  en- 
zyme(s)  using  NADH  or  NADPH  as  an  electron  donor  was 
11.5  ±  0.4  or  2.1  ±  0.1  nmol  h-1  mg  of  protein-1,  respectively, 
indicating  that  the  responsible  enzyme  was  mainly  NADH  de¬ 
pendent. 

The  CL-20  biotransformation  activities  of  membrane  and 
soluble-enzyme  fractions  were  11.5  ±  0.4  and  2.3  ±  0.05  nmol 
h-1  mg  of  protein-1,  respectively  (Table  1),  which  clearly 
indicated  that  the  enzyme(s)  responsible  for  CL-20  biotrans¬ 
formation  was  membrane  associated.  The  CL-20  biotransfor¬ 
mation  activities  observed  in  the  soluble-enzyme  fraction  pre¬ 
sumably  leached  out  from  the  membrane  enzyme  fraction 
during  the  cell  disruption  process. 

Enzymatic  biotransformation  of  CL-20  and  product  stoichi¬ 
ometry.  The  membrane  enzyme(s)  catalyzed  the  biotransfor¬ 
mation  of  CL-20  optimally  at  pH  7.0.  Activity  remained  un¬ 
changed  between  pHs  6.0  and  7.5,  but  higher  or  lower  pHs 
caused  reduction  in  activity  (data  not  shown).  A  time  course 
study  carried  out  with  the  membrane  enzyme(s)  showed  that 
CL-20  disappearance  was  accompanied  by  the  formation  of 
nitrite  and  nitrous  oxide  at  the  expense  of  the  electron  donor 
NADH  (Fig.  4).  After  2.5  h  of  reaction,  each  reacted  CL-20 
molecule  produced  about  2.3  nitrite  ions,  1.5  molecules  of 
nitrous  oxide,  and  1.7  molecules  of  formic  acid  (Table  2).  Of 
the  total  12  nitrogen  atoms  (N)  and  6  carbon  atoms  (C)  per 
reacted  CL-20  molecule,  we  recovered  approximately  5  N  (as 
nitrite  and  nitrous  oxide)  and  2  C  (as  HCOOH)  atoms,  respec¬ 
tively.  The  remaining  seven  N  and  four  C  atoms  may  be 
present  in  an  unidentified  intermediate(s). 

Pseudomonas  sp.  strain  FA1  was  a  denitrifying  bacterium; 
hence,  nitrite  was  observed  as  a  transient  intermediate  during 
CL-20  biotransformation  and  was  partially  converted  to  ni¬ 
trous  oxide.  This  observation  was  proved  by  incubating  the 
membrane  enzyme(s)  with  inorganic  NaN02  under  the  same 
reaction  conditions  as  those  used  for  CL-20.  The  results 
showed  an  NADH-dependent  reduction  of  nitrite  (used  as 
NaNOz)  to  nitrous  oxide  (Fig.  5). 

In  biological  systems,  the  enzymatic  conversion  of  nitrite  to 


nitrous  oxide  occurs  via  a  transient  formation  of  nitric  oxide 
(NO),  and  this  process  involves  two  enzymes,  i.e.,  nitrite  re¬ 
ductase  (converts  nitrite  to  nitric  oxide)  and  nitric  oxide  re¬ 
ductase  (converts  nitric  oxide  to  nitrous  oxide).  Since  Pseudo¬ 
monas  species  are  known  to  produce  these  two  reductase 
enzymes  (2,  8),  we  assume  that  the  membrane  preparation 
from  strain  FA1  may  contain  these  two  enzymes. 

Involvement  of  a  flavoenzyme(s)  in  the  biotransformation  of 
CL-20.  The  total  flavin  contents  were  measured  in  crude  ex¬ 
tract,  cytosolic  soluble  enzymes,  and  membrane  enzymes.  The 
membrane  enzyme(s)  contained  about  56%  of  the  total  flavin 
content  and  retained  about  74%  of  the  total  CL-20  biotrans¬ 
formation  activity  present  in  the  crude  extract  (Table  1).  In  the 
deflavoenzyme  preparation  there  was  a  corresponding  de¬ 
crease  in  flavin  content  as  well  as  CL-20  biotransformation 
activity  (Table  1),  which  indicated  the  involvement  of  a  flavin 
moiety  in  CL-20  biotransformation.  Furthermore,  the  CL-20 
biotransformation  activity  of  the  deflavoenzyme  was  restored 
up  to  75%  after  reconstitution  with  equimolar  concentrations 
of  FAD  and  FMN  (100  pM  each).  The  comparison  of  CL-20 
biotransformation  activities  of  the  native  enzyme  (11.5  ±  0.4 
nmol  h-1  mg  of  protein-1),  deflavoenzyme  (2.7  ±  0.1  nmol 
h-1  mg  of  protein-1),  and  reconstituted  enzyme(s)  (8.90  ±  0.5 
nmol  h-1  mg  of  protein-1)  clearly  showed  the  involvement  of 
a  flavoenzyme(s)  in  the  biotransformation  of  CL-20  by  Pseudo- 
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FIG.  4.  Time  course  study  of  NADH-dependent  biotransformation 
of  CL-20  by  a  membrane-associated  enzyme(s)  from  Pseudomonas  sp. 
strain  FA1  under  anaerobic  conditions.  Symbols  indicate  the  levels  of 
CL-20  (•),  NADH  (■),  nitrite  (O),  and  nitrous  oxide  (T).  Data  are 
means  of  results  of  triplicate  experiments,  and  error  bars  indicate 
standard  errors.  Some  error  bars  are  not  visible  due  to  their  small  size. 
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TABLE  2.  Stoichiometries  of  reactants  and  products  during 
biotransformation  of  CL-20" 


Reactant  or  product 

Amt  (nmol) 

Molar  ratio  of  reactant 
to  product  per  reacted 
CL-20  molecule 

Reactants 

CL-20 

20 

1.0 

NADH 

90 

4.5 

Products 

Nitrite  (N02“) 

46 

2.3 

Formate  (HCOOH) 

34 

1.7 

Nitrous  oxide  (N20) 

29 

1.5 

a  CL-20  was  biotransformed  by  a  membrane-associated  enzyme(s)  (1  mg/ml) 
from  Pseudomonas  sp.  strain  FA1  at  pH  7.0  and  30°C  for  2.5  h  under  anaerobic 
conditions.  The  data  are  means  of  results  of  triplicate  experiments. 


TABLE  3.  Effects  of  enzyme  inhibitors  on  the  CL-20 
biotransformation  activity  of  a  membrane-associated  enzyme(s)c 


Inhibitor  (2  mM) 


%  CL-20  biotransformation 
activity* 


None  (control) . 100  ±  1.7 

Diphenyliodonium .  38  ±  2.3 

Dicumarol .  86  ±  3.5 

Metyrapone .  91  ±2.8 

Carbon  monoxide*’ .  87  ±  2.2 

2,2-Dipyridyl .  92  ±  3.4 


*  One  hundred  percent  CL-20  biotransformation  activity  was  equivalent  to 
11.5  nmol  h-1  mg  of  protein-1.  Data  are  mean  percentages  of  CL-20  biotrans¬ 
formation  activity  ±  standard  errors  (n  =  3). 

b  Carbon  monoxide  was  bubbled  through  the  aqueous  phase  and  headspace 
for  60  s  in  sealed  vials. 

c  The  CL-20  biotransformation  activity  of  the  membrane-associated  enzyme(s) 
(1  mg/ml)  was  determined  at  pH  7.0  and  30°C  after  1  h  under  anaerobic  condi¬ 
tions. 


monas  sp.  strain  FA1.  The  free  FAD  and  FMN  also  biotrans¬ 
formed  CL-20  in  the  presence  of  NADH;  however,  the  bio¬ 
transformation  rate  was  about  fivefold  lower  than  that  of  the 
native  membrane  enzyme(s).  This  finding  additionally  sup¬ 
ported  the  involvement  of  a  flavin-containing  enzyme  in  CL-20 
biotransformation  and  also  indicated  that  the  flavin  moieties 
have  to  be  in  an  enzyme-bound  form  in  order  to  function 
efficiently. 

Study  with  DPI  showed  a  62%  inhibition  of  CL-20  biotrans¬ 
formation  (Table  3).  Analogously  with  previous  reports  which 
proved  that  DPI  targets  flavin-containing  enzymes  that  cata¬ 
lyze  one-electron  transfer  reactions  (7,  18),  the  present  study 
suggested  the  involvement  of  such  an  enzyme  during  the  bio¬ 
transformation  of  CL-20  by  strain  FA1.  The  involvement  of  a 
flavoenzyme  in  the  biotransformation  of  RDX  (3)  and  HMX 
(5)  via  one-electron  transfer  has  already  been  established.  In  a 
previous  study  with  diaphorase  (a  FMN-containing  flavoen¬ 
zyme  from  Clostridium  kluyveri),  an  oxygen-sensitive  one-elec¬ 
tron  transfer  reaction  that  caused  the  N  denitration  of  RDX, 
leading  to  its  decomposition,  was  reported  (3).  However,  a 
xanthine  oxidase  catalyzed  an  oxygen-sensitive,  initial  single  N 
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FIG.  5.  Time  course  study  of  the  NADH-dependent  reduction  of 
nitrite  to  nitrous  oxide  by  a  membrane-associated  enzyme(s)  from 
Pseudomonas  sp.  strain  FA1  under  anaerobic  conditions.  Symbols  in¬ 
dicate  the  levels  of  nitrite  (•),  nitrous  oxide  (O),  and  NADH  (A).  Data 
are  means  of  results  from  triplicate  experiments,  and  error  bars  indi¬ 
cate  standard  errors.  Some  error  bars  are  not  visible  due  to  their  small 
size. 


denitration  of  HMX  at  the  FAD  site,  leading  to  the  spontane¬ 
ous  decomposition  of  the  molecule  (5). 

On  the  other  hand,  enzyme  inhibitors  such  as  dicumarol  (a 
diphosphopyridine  nucleotide-triphosphopyridine  nucleotide- 
diaphorase  inhibitor)  (23),  metyrapone,  and  CO  (cytochrome 
P450  inhibitors)  (6)  and  the  metal  chelator  2,2-dipyridyl  did 
not  show  effective  inhibition  of  the  CL-20  biotransformation 
activity  of  the  membrane  enzyme(s)  from  strain  FA1  (Table  3). 
The  inhibition  study  ruled  out  the  possibility  of  involvement  of 
the  above-mentioned  enzymes  or  a  similar  type  of  enzyme 
during  the  biotransformation  of  CL-20  by  Pseudomonas  sp. 
strain  FA1. 

Proposed  initial  reaction  of  CL-20  biotransformation.  Ac¬ 
cording  to  the  time  course  study  described  above,  the  disap¬ 
pearance  of  CL-20  was  accompanied  by  the  formation  of  ni¬ 
trite  (Fig.  4)  and  this  reaction  was  oxygen  sensitive. 
Additionally,  the  DPI-mediated  inhibition  of  CL-20  degrada¬ 
tion  activity  (Table  3)  showed  the  involvement  of  a  flavoen¬ 
zyme  catalyzing  one-electron  transfer.  The  evidence  suggests 
that  the  CL-20  molecule  undergoes  enzyme-catalyzed  one- 
electron  reduction  to  form  an  anion  radical  of  CL-20.  This 
anion  radical  undergoes  denitration  to  form  a  free  radical, 
which  eventually  undergoes  spontaneous  ring  cleavage  and 
decomposition  to  produce  nitrous  oxide,  nitrite,  and  formic 
acid.  Previously,  the  one-electron  transfer  reaction  catalyzed 
by  a  diaphorase,  a  flavoenzyme  from  C.  kluyveri,  which  caused 
the  N  denitration  of  RDX,  leading  to  its  decomposition,  was 
reported  (3).  The  present  study  analogously  with  the  results  of 
initial  biotransformations  of  other  cyclic  nitramine  com¬ 
pounds,  such  as  RDX  (3)  and  HMX  (5),  supports  an  initial 
enzymatic  N  denitration  of  CL-20  prior  to  ring  cleavage.  On 
the  other  hand,  thermolysis  (20)  and  photolysis  (J.  Hawari, 
unpublished  results)  of  CL-20  also  suggested  that  an  initial 
homolysis  of  a  N — NOz  bond  in  CL-20  leads  to  the  formation 
of  a  N-centered  free-radical  that  undergoes  rapid  ring  cleavage 
and  decomposition. 

The  source  of  nitrite  ions  in  the  present  study  is  probably  the 
four  nitro  groups  bonded  to  the  two  cyclopentane  rings  in  the 
CL-20  structure  (Fig.  1).  Nitrous  oxide  can  be  produced  in  two 
different  ways:  first,  by  enzymatic  reduction  of  nitrite,  and 
second,  during  secondary  decomposition  of  the  CL-20  free 
radical  as  it  was  previously  suggested  by  Patil  and  Brill  (20). 
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Analogously,  nitrous  oxide  was  also  produced  during  the  sec¬ 
ondary  decomposition  of  RDX  (3)  and  HMX  (5,  14).  Formic 
acid  was  presumably  formed  following  denitration  and  the 
cleavage  of  the  C — C  bond  (Cx — C2  in  Fig.  1).  The  Cx — C2 
bond  bridging  the  two  cyclopentanes  in  the  CL-20  structure  is 
relatively  longer  (25)  and  thus  weaker  than  the  other  C — C 
bonds  and  would  cleave  more  rapidly.  Formaldehyde 
(HCHO),  a  major  carbon  compound  produced  during  the  bio¬ 
transformation  of  RDX  and  HMX  (3-5,  12-15),  was  not  ob¬ 
served  in  the  present  study. 

In  conclusion,  a  Pseudomonas  sp.  strain  capable  of  utilizing 
CL-20  as  the  sole  nitrogen  source,  FA1,  was  isolated  and  iden¬ 
tified  from  a  soil  sample.  Strain  FA1  grew  well  under  aerobic 
conditions  but  biotransformed  CL-20  under  anaerobic  condi¬ 
tions  to  produce  nitrite,  nitrous  oxide,  and  formic  acid.  Studies 
with  the  deflavo  form  of  the  enzyme  and  its  subsequent  recon¬ 
stitution  and  the  inhibition  of  holoenzyme  by  DPI  evidently 
support  the  involvement  of  a  flavoenzyme  in  CL-20  biotrans¬ 
formation.  Several  lines  of  evidence  in  the  present  study  have 
proved  that  the  enzyme  responsible  for  the  biotransformation 
of  CL-20  by  strain  FA1  is  an  NADH-dependent,  membrane- 
associated  flavoenzyme.  The  present  study  has  provided  the 
insights  into  the  initial  microbial  and  enzymatic  biotransfor¬ 
mation  of  CL-20  and  some  of  its  products  that  were  not  known 
before.  However,  further  work  is  necessary  to  identify  the  inter¬ 
mediates  and  end  products  from  CL-20  to  supplement  the  mass 
balance  study,  which  would  help  in  determining  the  complete 
biodegradation  pathway  of  CL-20.  A  vast  literature  available 
online  (http://www.ncbi.nlm.nih.gov)  revealed  that  Pseudomo¬ 
nas  and  the  bacteria  belonging  to  the  family  Pseudomona- 
daceae  are  prevalent  in  almost  all  types  of  environments,  e.g., 
soils  and  marine  and  fresh  water  sediments.  The  present  study 
therefore  helps  in  understanding  the  environmental  fate  (bio¬ 
transformation,  biodegradation,  and/or  natural  attenuation)  of 
cyclicnitramine  explosive  compounds  such  as  CL-20. 

ACKNOWLEDGMENTS 

We  thank  the  Natural  Sciences  and  Engineering  Research  Council 
and  the  National  Research  Council  of  Canada  for  a  visiting  fellowship 
to  B.  Bhushan  and  the  Strategic  Environmental  Research  and  Devel¬ 
opment  Program  for  funding  the  project  (grant  CU  1256).  We  also 
thank  the  Department  of  National  Defense,  Val  Belair,  Quebec,  Can¬ 
ada,  for  its  support. 

Special  thanks  are  due  to  Tara  Hooper  and  Dominic  Manno  for 
their  assistance.  We  sincerely  acknowledge  the  analytical  and  technical 
support  of  A.  Corriveau,  C.  Beaulieu,  A.  Halasz,  S.  Deschamps,  and  C. 
Groom.  We  also  acknowledge  the  helpful  discussions  of  V.  Balakrish- 
nan,  D.  Fournier,  and  J.  S.  Zhao  and  the  critical  suggestions  of  the 
editor  and  anonymous  reviewers  for  improving  the  manuscript. 

REFERENCES 

1.  Aliverti,  A.,  B.  Curti,  and  M.  A.  Vanoni.  1999.  Identifying  and  quantifying 
FAD  and  FMN  in  simple  and  in  iron-sulfur-containing  flavoproteins.  Meth¬ 
ods  Mol.  Biol.  131:9-23. 

2.  Arese,  M.,  W.  G.  Zumft,  and  F.  Cutruzzola.  2003.  Expression  of  a  fully 
functional  cd1  nitrite  reductase  from  Pseudomonas  aeruginosa  in  Pseudomo¬ 
nas  stutzeri.  Protein  Expr.  Purif.  27:42-48. 

3.  Bhushan,  B.,  A.  Halasz,  J.  C.  Spain,  and  J.  Hawari.  2002.  Diaphorase 
catalyzed  biotransformation  of  RDX  via  N-denitration  mechanism.  Bio- 
chem.  Biophys.  Res.  Commun.  296:779-784. 

4.  Bhushan,  B.,  A.  Halasz,  J.  Spain,  S.  Thiboutot,  G.  Ampleman,  and  J.  Ha¬ 


wari.  2002.  Biotransformation  of  hexahydro-l,3,5-trinitro-l,3,5-triazine 
(RDX)  catalyzed  by  a  NAD(P)H:nitrate  oxidoreductase  from  Aspergillus 
niger.  Environ.  Sci.  Technol.  36:3104-3108. 

5.  Bhushan,  B.,  L.  Paquet,  A.  Halasz,  J.  C.  Spain,  and  J.  Hawari.  2003.  Mech¬ 
anism  of  xanthine  oxidase  catalyzed  biotransformation  of  HMX  under  an¬ 
aerobic  conditions.  Biochem.  Biophys.  Res.  Commun.  306:509-515. 

6.  Bhushan,  B.,  S.  Trott,  J.  C.  Spain,  A.  Halasz,  L.  Paquet,  and  J.  Hawari.  2003. 
Biotransformation  of  hexahydro-l,3,5-trinitro-l,3,5-triazine  (RDX)  by  a  rab¬ 
bit  liver  cytochrome  P450:  insight  into  the  mechanism  of  RDX  biodegrada¬ 
tion  by  Rhodococcus  sp.  strain  DN22.  Appl.  Environ.  Microbiol.  69:1347- 
1351. 

7.  Chakraborty,  S.,  and  V.  Massey.  2002.  Reaction  of  reduced  flavins  and 
flavoproteins  with  diphenyliodonium  chloride.  J.  Biol.  Chem.  277:41507- 
41516. 

8.  Forte,  E.,  A.  Urbani,  M.  Saraste,  P.  Sarti,  M.  Brunori,  and  A.  Giuffre.  2001. 
The  cytochrome  cbb3  from  Pseudomonas  stutzeri  displays  nitric  oxide  reduc¬ 
tase  activity.  Eur.  J.  Biochem.  268:6486-6490. 

9.  Fournier,  D.,  A.  Halasz,  J.  C.  Spain,  P.  Fiurasek,  and  J.  Hawari.  2002. 
Determination  of  key  metabolites  during  biodegradation  of  hexahydro-1,3,5- 
trinitro-l,3,5-triazine  (RDX)  with  Rhodococcus  sp.  strain  DN22.  Appl.  En¬ 
viron.  Microbiol.  68:166-172. 

10.  Groom,  C.  A.,  A.  Halasz,  L.  Paquet,  P.  D’Cruz,  and  J.  Hawari.  2003.  Cyclo- 
dextrin-assisted  capillary  electrophoresis  for  determination  of  the  cyclic  nit- 
ramine  explosives  RDX,  HMX  and  CL-20:  comparison  with  high-perfor¬ 
mance  liquid  chromatography.  J.  Chromatogr.  A  999:17-22. 

11.  Haas,  R.,  E.  von  Low  Schreiber,  and  G.  Stork.  1990.  Conception  for  the 
investigation  of  contaminated  munitions  plants.  2.  Investigation  of  former 
RDX-plants  and  filling  stations.  Fresenius’  J.  Anal.  Chem.  338:41-45. 

12.  Halasz,  A.,  J.  Spain,  L.  Paquet,  C.  Beaulieu,  and  J.  Hawari.  2002.  Insights 
into  the  formation  and  degradation  of  methylenedinitramine  during  the 
incubation  of  RDX  with  anaerobic  sludge.  Environ.  Sci.  Technol.  36:633- 
638. 

13.  Hawari,  J.  2000.  Biodegradation  of  RDX  and  HMX:  from  basic  research  to 
field  application,  p.  277-310.  In  J.  C.  Spain,  J.  B.  Hughes,  and  H.-J.  Knack- 
muss  (ed.),  Biodegradation  of  nitroaromatic  compounds  and  explosives. 
CRC  Press,  Boca  Raton,  Fla. 

14.  Hawari,  J.,  A.  Halasz,  S.  Beaudet,  L.  Paquet,  G.  Ampleman,  and  S.  Thibou¬ 
tot.  2001.  Biotransformation  routes  of  octahydro-1, 3,5, 7-tetranitro-l, 3,5,7- 
tetrazocine  by  municipal  anaerobic  sludge.  Environ.  Sci.  Technol.  35:70-75. 

15.  Hawari,  J.,  A.  Halasz,  T.  Sheremata,  S.  Beaudet,  C.  Groom,  L.  Paquet,  C. 
Rhofir,  G.  Ampleman,  and  S.  Thiboutot.  2000.  Characterization  of  metabo¬ 
lites  during  biodegradation  of  hexahydro-l,3,5-trinitro-l,3,5-triazine  (RDX) 
with  municipal  sludge.  Appl.  Environ.  Microbiol.  66:2652-2657. 

16.  Myler,  C.  A.,  and  W.  Sisk.  1991.  Bioremediation  of  explosives  contaminated 
soils  (scientific  questions/engineering  realities),  p.  137-146.  In  G.  S.  Sayler, 
R.  Fox,  and  J.  W.  Blackburn  (ed.),  Environmental  bio/technology  for  waste 
treatment.  Plenum  Press,  New  York,  N.Y. 

17.  Nielsen,  A.  T.,  A.  P.  Chafln,  S.  L.  Christian,  D.  W.  Moore,  M.  P.  Nadler,  R.  A. 
Nissan,  and  D.  J.  Vanderah.  1998.  Synthesis  of  polyazapolycyclic  caged 
polynitramines.  Tetrahedron  54:11793-11812. 

18.  O’Donnell,  V.  B.,  G.  C.  Smith,  and  O.  T.  Jones.  1994.  Involvement  of  phenyl 
radicals  in  iodonium  inhibition  of  flavoenzymes.  Mol.  Pharmacol.  46:778- 
785. 

19.  Palleroni,  N.  J.  1984.  Gram-negative  aerobic  rods  and  cocci:  family  I  Pseudo- 
monadaceae,  p.  140-198.  In  N.  R.  Krieg  and  J.  G.  Holt  (ed.),  Bergey’s 
manual  of  systematic  bacteriology,  vol.  1.  Williams  &  Wilkins,  Baltimore, 
Md. 

20.  Patil,  D.  G.,  and  T.  B.  Brill.  1991.  Thermal  decomposition  of  energetic 
materials.  53.  Kinetics  and  mechanisms  of  thermolysis  of  hexanitrohexaazai- 
sowurtzitane.  Combust.  Flame  87:145-151. 

21.  Seth-Smith,  H.  M.  B.,  S.  J.  Rosser,  A.  Basran,  E.  R.  Travis,  E.  R.  Dabbs,  S. 
Nicklin,  and  N.  C.  Bruce.  2002.  Cloning,  sequencing,  and  characterization  of 
the  hexahydro-l,3,5-trinitro-l,3,5-triazine  degradation  gene  cluster  from 
Rhodococcus  rhodochrous.  Appl.  Environ.  Microbiol.  68:4764-4771. 

22.  Talmage,  S.  S.,  D.  M.  Opresko,  C.  J.  Maxwel,  C.  J.  E.  Welsh,  F.  M.  Cretella, 
P.  H.  Reno,  and  F.  B.  Daniel.  1999.  Nitroaromatic  munition  compounds: 
environment  effects  and  screening  values.  Rev.  Environ.  Contam.  Toxicol. 
161:1-156. 

23.  Tedeschi,  G.,  S.  Chen,  and  V.  Massey.  1995.  DT-diaphorase:  redox  potential, 
steady-state,  and  rapid  reaction  study.  J.  Biol.  Chem.  270:1198-1204. 

24.  Trott,  S.,  S.  F.  Nishino,  J.  Hawari,  and  J.  C.  Spain.  2003.  Biodegradation  of 
the  nitramine  explosive  CL-20.  Appl.  Environ.  Microbiol.  69:1871-1874. 

25.  Xinqi,  Z.,  and  S.  Nicheng.  1996.  Crystal  and  molecular  structures  of 
e-HNIW.  Chin.  Sci.  Bull.  41:574-576. 

26.  Zhao,  J.  S.,  A.  Halasz,  L.  Paquet,  C.  Beaulieu,  and  J.  Hawari.  2002.  Biodeg¬ 
radation  of  RDX  and  its  mononitroso  derivative  MNX  by  Klebsiella  sp.  strain 
SCZ-1  isolated  from  an  anaerobic  sludge.  Appl.  Environ.  Microbiol.  68: 
5336-5341. 


ELSEVIER 


Available  online  at  www.sciencedirect.com 


JOURNAL  OF 
CHROMATOGRAPHY  A 


Journal  of  Chromatography  A,  999  (2003)  17-22  . . - - - 

www.elsevier.com/locate/  chroma 


Cyclodextrin-assisted  capillary  electrophoresis  for  determination  of 
the  cyclic  nitramine  explosives  RDX,  HMX  and  CL-20 
Comparison  with  high-performance  liquid  chromatography 

Carl  A.  Groom,  Annamaria  Halasz,  Louise  Paquet,  Philomena  D’Cruz,  Jalal  Hawari* * 

Biotechnology  Research  Institute,  National  Research  Council  Canada,  6100  Royalmount  Avenue,  Montreal,  Quebec  H4P  2R2,  Canada 


Abstract 

A  sulfobutyl  ether-  [3-cyclodextrin-assisted  electrokinetic  chromatographic  method  was  developed  to  rapidly  resolve  and 
detect  the  cyclic  nitramine  explosives  2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaaza-isowurtzitane  (CL-20),  octahydro- 
l,3,5,7-tetranitro-l,3,5,7-tetrazocine  (HMX)  and  hexahydro-l,3,5-trinitro-l,3,5-triazine  (RDX)  and  their  related  degradation 
intermediates  in  environmental  samples.  Development  of  the  electrophoretic  method  required  the  measurement  of  the 
aqueous  solubility  of  CL-20  which  was  determined  to  be  3.59±0.74  mg/1  at  25  °C  (95%  confidence  interval,  n— 3).  The 
performance  of  the  method  was  then  compared  to  results  obtained  from  existing  high-performance  liquid  chromatography 
methods  including  US  Environmental  Protection  Agency  method  8330. 

Crown  Copyright  ©  2003  Published  by  Elsevier  Science  B.V.  All  rights  reserved. 
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1.  Introduction 

The  effort  to  produce  lighter-mass  munitions  with 
greater  explosive  power  has  resulted  in  the  addition 
of  cyclic  nitramines  [e.g.  2,4,6,8,10,12-hexanitro- 
2,4,6,8,10,12-hexaaza-isowurtzitane  (CL-20),  octa- 
hydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine  (HMX) 
and  hexahydro-l,3,5-trinitro-l,3,5-triazine  (RDX)]  to 
supplement  or  replace  aromatic  energetic  materials 
[A-2,4,6-tctranitr()-A,-methylaniline  (Tetryl),  2,4,6- 
trinitrotoluene  (TNT)]  in  rocket  propellants  and 
explosive  formulations  [1].  Structures  for  representa¬ 
tive  aromatic  and  cyclic  nitramine  explosives  are 
shown  in  Fig.  1 .  With  the  exception  of  CL-20,  which 
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is  relatively  new,  the  above  compounds  are  identified 
as  soil  contaminants  at  explosive  manufacturing  or 
disposal  sites  and  military  training  locations  in 
Canada  and  the  USA  [2]. 

The  environmental  fate  and  toxicology  of  TNT 
and  other  aromatic  explosives  is  fairly  well  estab¬ 
lished  [3],  In  contrast,  the  ecological  fates  of  HMX 
and  RDX  and  their  degradation  products  are  the 
subject  of  much  current  study  [4,5],  while  almost  no 
data  are  available  for  CL-20.  Much  information 
exists  regarding  the  properties  of  these  explosives  as 
solid  crystals,  and  defining  their  gaseous  reaction 
products  and  energies  of  detonation.  Controlled 
detonations  of  HMX  and  RDX  exclusively  produce 
low  molecular  mass  products  including  nitrous  oxide 
(N20),  formaldehyde  (HCHO),  carbon  dioxide 
(C02),  and  ammonia  (NH3)  [6].  The  detection  of 
these  compounds  is  a  useful  starting  point  for  the 
identification  of  degradative  pathways,  and  for  fate 
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Fig.  1.  Structural  formulae  of  representative  secondary  aromatic 
and  cyclic  nitramine  explosives. 


and  environmental  impact  assessment.  To  this  end, 
much  use  is  made  of  gas  chromatography-mass 
spectrometry  (GC-MS),  solid-phase  microextraction 
(SPME)  and  inorganic  ion  capillary  electrophoresis 
(ICE)  [7].  The  degradation  of  explosives  in  soil  and 
water,  however,  significantly  differs  from  deflagra¬ 
tion  or  detonation  in  at  least  four  respects;  (i)  the 
reaction  temperature  is  much  lower,  usually  by  2-3 
orders  of  magnitude,  (ii)  there  is  limited  available 
reactant,  usually  in  the  mg/1  range,  (iii)  the  reactions 
occur  in  aqueous  liquid  environments,  and  (iv) 
relatively  stable  intermediates  such  as  nitroso  deriva¬ 
tives  [8,9],  methylenedinitramine  [10]  and  4-nitro- 
1,3-diaza-l-butanal  [11]  are  observed.  In  the  past, 
high-performance  liquid  chromatography,  coupled  to 
diode  array  UV  detection  (HPLC-UV)  or  electro¬ 
spray  mass  spectrometric  detection  (LC-MS)  have 
been  used  to  analyze  these  explosives  and  their 
products  in  aqueous  environmental  samples  [10]. 
Faster  analytical  methods  are  desirable,  however,  for 
the  monitoring  of  chemical  and  enzymatic  degra¬ 


dations  of  this  important  family  of  energetic  chemi¬ 
cals.  Recently,  sodium  dodecylsulfate  micellar  elec- 
trokinetic  chromatography  (SDS-MEKC)  [12]  was 
employed  in  our  laboratory  for  the  rapid  detection  of 
TNT  degradation  intermediates,  but  this  method  does 
not  adequately  resolve  nitramines  which  are  much 
more  polar  in  nature.  Cyclodextrins  may  serve  in  the 
place  of  SDS  micelles  as  pseudostationary  ligands 
for  the  electrokinetic  chromatographic  (EKC)  res¬ 
olution  of  cyclic  nitramines,  as  the  polarity  of  the 
(3-cyclodextrin  inclusion  cavity  (approximately  that 
of  ethanol)  is  sufficiently  matched  with  these  ana¬ 
lytes  to  allow  complexation  [13].  Charged  cyclo¬ 
dextrins  are  routinely  used  for  the  resolution  of 
enantiomeric  pharmaceuticals  [14],  and  have  been 
applied  for  the  CE-based  analysis  of  aromatic  explo¬ 
sives  [15].  A  sulfobutyl  ether- (3-cyclodextrin  EKC 
method  (CD-EKC)  was  developed  for  the  detection 
of  cyclic  nitramines  and  some  of  their  important 
degradation  products  in  our  laboratory. 


2.  Experimental 

2.1.  Materials 

Epsilon  CL-20  (purity  99.5%)  was  obtained  from 
Thiokol  Propulsion  (Thiokol,  UT,  USA).  RDX  and 
HMX  (with  a  purity  >99%)  were  provided  by 
Defense  Research  and  Development  Canada 
(DRDC)  (Valcartier,  Canada).  Methylenedinitramine 
was  obtained  from  Sigma-Aldrich  (Oakville, 
C  anada) .  Hexahy  dro- 1  -nitroso-3 ,5-dinitro- 1 ,3 ,5-tri- 
azine  (MNX)  was  obtained  from  SRI  (Menlo  Park, 
CA,  USA).  Advasep  4  sulfobutyl  ether- (3-cyclodex¬ 
trin  (tetrasodium  salt,  average  degree  of  substitution 
4),  was  purchased  from  CyDex  (Overland  Park,  KS, 
USA).  Tetryl,  TNT,  and  all  other  nitroaromatic 
compounds  were  purchased  from  Supelco  (Belle- 
fonte,  PA,  USA).  All  other  chemicals  were  obtained 
from  Sigma  as  reagent  grade. 

2.2.  Shaker  flask  determination  of  CL-20  aqueous 
solubility  and  stability 

A  1  g/1  stock  solution  of  CL-20  in  acetone  was 
prepared  and  volumes  ranging  from  50  to  200  pi 
were  added  to  500-ml  serum  bottles  with  PTFE- 
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coated  caps.  Following  the  evaporation  of  acetone 
the  bottles  were  filled  with  500  ml  deionized  water. 
The  bottles  were  agitated  for  24  h  in  a  Lab-line 
Environ  Shaker  at  37  °C.  Ten-ml  aliquots  were  then 
removed  and  allowed  to  equilibrate  and  settle  at 
25  °C  for  4  h  before  analysis  using  HPLC-UV  as 
described  below. 

2.3.  HPLC-UV  analysis 

The  RDX,  HMX,  and  CL-20  concentrations  were 
determined  by  HPLC  using  a  Waters  chromatograph¬ 
ic  system  composed  of  a  Model  600  pump,  a  Model 
717  Plus  injector,  a  temperature  control  module,  and 
Model  996  photodiode  array  detector  connected  to  a 
Dell  GX200  computer  running  Millennium32  (Wa¬ 
ters)  software.  The  column  was  a  Supelcosil  LC-CN 
(25  cmX4.6  mm,  5  pan;  Supelco)  maintained  at 
35  °C.  The  mobile  phase  (70%  aqueous  methanol) 
was  run  isocratically  at  1  ml /min  for  the  entire  run 
time  of  14  min.  The  detector  was  set  to  scan  from 
200  to  350  nm.  Chromatograms  were  extracted  at  a 
wavelength  of  230  nm  with  quantification  taken  from 
peak  areas  of  external  standards.  Peaks  were  iden¬ 
tified  by  comparison  with  elution  times  for  external 
standards  and  by  accompanying  reference  library 
diode  array  spectra  as  described  earlier  [10],  The 
injection  volume  was  50  pJ.  The  limit  of  detection 
for  this  method  was  0.02  mg/1  (RSD=4.2%,  n=  5). 

2.4.  LC-MS  analysis 

The  nitroso  derivatives  and  ring  cleavage  products 
were  analyzed  by  LC-MS  with  a  Micromass  Plat¬ 
form  benchtop  single  quadrupole  mass  detector 
fronted  by  a  Hewlett-Packard  1100  Series  HPLC 
system  equipped  with  a  photodiode  array  detector. 
Samples  (50  pd)  were  injected  into  a  Supelcosil 
LC-CN  column  (25  cmX4.6  mm;  5  p,m  particle  size; 
Supelco)  thermostated  at  35  °C.  The  solvent  system 
consisted  of  a  methanol-water  gradient  at  a  flow-rate 
of  1  ml/min.  A  first  linear  gradient  was  run  from 
10%  to  20%  methanol  over  15  min  followed  by  a 
second  linear  gradient  from  20%  to  60%  over  5  min 
which  was  held  for  3  min.  This  solvent  ratio  was 
returned  to  the  initial  conditions  over  2  min  and  held 
for  an  extra  10  min.  Analyte  ionization  was  done  in  a 
negative  electrospray  ionization  (ESI)  mode  produc¬ 


ing  mainly  the  deprotonated  molecular  mass  ions 
[M— H]  .  The  electrospray  probe  tip  potential  was 
set  at  3.5  kV  with  a  skimmer  voltage  of  30  V  and  an 
ion  source  temperature  of  150  °C.  The  mass  range 
was  scanned  from  40  to  400  u  with  a  cycle  time  of 
1.6  s  and  the  resolution  was  set  to  1  u  (width  at 
half-height).  The  detection  limit  was  0.004  mg/1 
(RSD  =  10%,  n  =3). 

2.5.  CE—UV  analysis  of  nitramine  explosives  and 
their  derivatives 

MEKC  separations  with  SDS  were  performed  as 
described  earlier  [12].  Cyclodextrin-based  EKC  ex¬ 
periments  (CD-EKC)  were  performed  using  a  Hew¬ 
lett-Packard  (HP)  3uCE  instrument  interfaced  with  a 
HP  Vectra  personal  computer  running  HP  Chem- 
station  software.  The  HP  3DCE  system  was  fitted 
with  a  HP  G- 1600-3 1232  fused-silica  bubble  capil¬ 
lary  with  a  total  length  of  64.5  cm,  and  an  effective 
length  (inlet  to  detection  window)  of  56  cm.  The 
voltage  was  set  at  30  kV  and  the  temperature  at 
25  °C.  Samples  were  injected  by  applying  50  mbar 
pressure  to  the  capillary  inlet  for  5  s.  The  separation 
buffer  was  composed  of  0.1  M  sodium  acetate  buffer 
(pH  5.0)  containing  10  m M  sulfobutyl  ether-(3- 
cyclodextrin.  Absorbances  were  monitored  at  wave¬ 
lengths  of  214,  230  and  280  nm.  Unless  otherwise 
indicated,  the  separation  time  was  18  min  with  2  min 
separation  buffer  flushes  of  the  capillary  before  each 
run.  The  total  analysis  time  was  therefore  20  min. 
The  limit  of  detection  for  the  method  was  0.2  mg/1 
(RSD=5%,  n  =20). 


3.  Results  and  discussion 

3.1.  Polarity  and  aqueous  solubility  of  RDX,  HMX, 
and  CL-20 

CL-20  is  a  relatively  new  compound  whose  appli¬ 
cations  are  currently  under  development,  and  many 
of  its  physicochemical  properties  are  yet  to  be 
established.  Epsilon  CL-20,  the  most  commonly  used 
polymorph,  is  soluble  in  weakly  polar  organic  sol¬ 
vents  such  as  acetone  (946  g/1)  or  ethyl  acetate  (450 
g/1),  but  is  insoluble  in  non-polar  solvents  such  as 
toluene  or  benzene  [16].  Its  solubility  in  water  was 
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not  precisely  determined  and  for  this  reason  mea¬ 
surements  were  taken  regarding  CL-20  aqueous 
stability  and  solubility  at  ambient  temperature.  At 
25  °C,  the  reported  aqueous  solubilities  for  RDX  and 
HMX  are  40.2  and  6.63  mg/1  [2],  For  CL-20,  a 
maximum  solubility  of  3.59±0.74  mg/1  (95%  confi¬ 
dence  interval,  n  =  3)  at  25  °C  (Fig.  2)  was  obtained 
from  shake  flask  experiments.  The  hydrogen  bonded 
lattice  structure  of  the  solvent  (water)  necessitates 
that  solute  polarity  and  molecular  volume  will  have  a 
strong  effect  on  dissolution.  The  most  common 
polymorphs  of  HMX,  RDX,  and  CL-20  crystals  have 
been  examined  using  molecular  dynamic  simulations 
and  X-ray  diffraction  to  determine  their  molecular 
electronic  structures  and  crystal  packing  densities 
[17-20].  For  all  three  nitramines,  polarized  in¬ 
tramolecular  electronic  structures  are  observed,  with 
partial  charges  of  — 0.39e  (e  being  the  charge  of  a 
single  electron)  assigned  to  nitro  group  oxygens,  and 
slight  positive  charges  (0.18e)  attributed  to  ring 
carbon  nuclei.  The  three  compounds  are  therefore 
weakly  polar  and  dissolve  readily  in  ketones  such  as 
acetone  and  to  a  lesser  extent  in  alcohols  such  as 
methanol.  They  are  not  expected  to  dissolve  exten¬ 
sively  in  non-polar  solvents  such  as  toluene,  or  in 
highly  polar  solvents  such  as  /V-methylformamide  or 
water.  The  respective  molecular  volumes  for  RDX 
[17],  HMX  [18]  and  CL-20  [20]  obtained  from 
molecular  dynamics  estimates  are  0.2118,  0.2607 


Fig.  2.  Sub-saturation  concentrations  of  2,4,6,8,10,12-hexanitro- 
2,4,6,8,10,12-hexaaza-isowurtzitane  (CL-20)  in  water  at  25  °C  as 
detected  by  HPLC  vs.  CL-20  concentration  as  calculated  by  stock 
solution  addition.  The  aqueous  saturation  concentration  appeared 
to  be  3.59  mg/1. 


and  0.3556  nl  at  30  °C.  The  solubility  of  a  solute  in 
polar  solvents  decreases  as  molar  volume  increases, 
and  this  trend  (i.e.  solubility  of  RDX>HMX>CL- 
20)  agrees  with  observed  aqueous  solubility  mea¬ 
surements. 

3.2.  Resolution  of  cyclic  nitramines  using  HPLC, 
SDS-MEKC  and  CD-EKC 

The  reversed-phase  HPLC-UV  method  provides 
rapid,  effective  resolution  for  HMX,  RDX  and  CL- 
20  (Fig.  3),  with  a  quantitative  detection  limit  of 
0.02  mg/1.  The  use  of  70%  aqueous  methanol  mobile 
phase  permitted  the  rapid  detection  of  these  analytes 
in  14  min,  but  under  this  condition  methyl- 
enedinitramine  was  not  retained  by  the  column  and 
for  soil  extracts  the  elution  times  of  RDX  nitroso- 
derivatives  coincided  with  soil  matrix  peaks  (data  not 
shown).  When  the  same  liquid  chromatographic 
system  was  used  to  front  the  electrospray  ionization 
mass  spectrometer,  a  gradient  was  applied  which 
allowed  for  the  observation  of  ring  cleavage  prod¬ 
ucts.  The  increase  in  resolution  and  sensitivity  was 
compromised,  however,  by  the  longer  run  time 
which  increased  to  35  min  per  sample. 

SDS-MEKC  is  an  effective  method  for  the  rapid 
resolution  of  aromatic  explosives.  Fig.  4  is  an  SDS- 
MEKC  electropherogram  demonstrating  the  sepa¬ 
ration  of  14  explosives  identified  as  priority  pollu¬ 
tants  by  the  US  Environmental  Protection  Agency 


Time  (Min) 

Fig.  3.  Reverse  phase  HPLC-UV  chromatogram  of  hexahydro- 
l,3,5-trinitroso-l,3,5-triazine  (TNX),  hexahydro-l-nitroso-3,5-di- 
nitro-l,3,5-triazine  (MNX),  hexahydro-l,3.5-trinitro-l,3,5-triazine 
(RDX),  octahydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine  (HMX), 
and  2,4, 6. 8, 10, 1 2-hexanitro-2,4,6,8, 10, 1 2-hexaaza-isowurtzitane 
(CL-20). 


C.A.  Groom  et  al.  /  J.  Chromatogr.  A  999  (2003)  17-22 


21 


QH3  CN 


6  8  10 


Time  (min) 

Fig.  4.  MEKC  separation  of  EPA  method  8330  listed  explosives 
in  12  m M  sodium  borate  buffer  pH  9.0,  50  m M  sodium-dodecyl- 
sulfate,  25  °C.  Peak  identification:  (1)  octahydro- 1,3,5, 7-tetranitro- 
1,3,5,7-tetrazocine  (HMX),  (2)  hexahydro-l,3,5-trinitro-l,3,5-tri- 
azine  (RDX),  (3)  1,3,5-trinitrobenzene,  (4)  1,3-dinitrobenzene,  (5) 
nitrobenzene,  (6)  2,4,6-trinitrotoluene  (TNT),  (7)  N-2,4,6-tetrani- 
tro-N-methylaniline  (Tetryl),  (8)  2,4-dinitrotoluene,  (9)  2,6-di- 
nitrotoluene,  (10)  2-nitrotoluene,  (11)  3-nitrotoluene,  (12)  4-nitro- 
toluene,  (13)  2-amino-4,6-dinitrotoluene,  (14)  4-amino-2,6-dinit- 
rotoluene. 


(EPA)  method  8330  [21].  RDX  and  HMX  partition 
poorly  with  SDS  micelles  and  are  observed  to 
migrate  close  to  the  electroosmotic  front.  The  polari¬ 
ty  of  the  (i-cyclodextrin  cavity  is  estimated  to  be 
close  to  that  of  ethanol  [13]  and  would  therefore  be 
more  suitable  for  the  solubilization  of  RDX,  HMX, 
CL-20,  and  their  degradation  products.  For  cyclo- 
dextrins,  however,  the  electrokinetic  resolution  of 
uncharged  species  is  not  solely  based  on  polarity  and 
hydrophobic  interaction,  but  also  on  the  geometry  of 
the  host-guest  complexes.  As  previously  stated,  the 
molecular  volumes  for  RDX  [17],  HMX  [18]  and 
CL-20  [20]  are  0.2118,  0.2607  and  0.3556  nl  at 
30  °C.  The  volume  for  the  3-cyclodextrin  cavity  is 
-0.346  nl  [13,22];  a  value  which  allows  for  the 
complete  inclusion  of  HMX  and  RDX,  but  restricts 
the  complexation  of  CL-20.  As  indicated  in  Fig.  5, 
the  three  nitramines  were  observed  to  form  complex¬ 
es  with  sulfobutyl  ether- 3-cyclodextrin,  and  resolve 
electrophoretically. 

Faster  separations  are  possible  using  higher-pH 
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Fig.  5.  Sulfobutyl  ether- (3-cyclodextrin-based  CE  separation  of 
cyclic  nitramines  in  0.1  M  sodium  acetate,  pH  5.0,  containing  10 
m M  SB -(3-cyclodextrin. 


separation  buffer,  but  cyclic  nitramines  and  their 
degradation  products  are  known  to  be  stable  in  acid 
solution  [6]  and  for  this  reason  sodium  acetate  /  acetic 
acid  buffer  (pH  5)  was  employed.  The  degradation 
products  mononitroso-RDX  (MNX)  and  methyl- 
enedinitramine  (MDNA)  also  form  complexes  with 
sulfobutyl  ether- 3-cyclodextrin  and  their  peaks  are 
identified  in  Fig.  5.  These  compounds  have  been 
observed  frequently  in  RDX  degradation  experiments 
using  commercially  obtained  nitrate  reductase  en¬ 
zyme  [23],  and  domestic  anaerobic  sludge  [10],  At 
present,  the  CD-EKC  method  is  better  applied  to  the 
rapid  detection  of  cyclic  nitramines  and  ring  cleav¬ 
age  products  in  real  time,  while  the  HPLC  (MS) 
method  offers  a  50-fold  lower  limit  of  detection  in 
comparison  with  the  CD-EKC  or  SDS-MEKC  meth¬ 
ods  [0.004  mg/1  (RSD=  10%,  n=  3)  vs.  0.2  mg/1 
(RSD=5%,  n  =20)  and  0.5  mg/1  (RSD=4%,  n=  5), 
respectively] . 


4.  Conclusions 

The  solubility  of  the  cyclic  nitramine  explosives 
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RDX,  HMX,  and  CL-20  (40,  6.6  and  3.6  mg/1, 
respectively)  in  aqueous  solution  was  observed  to 
depend  on  analyte  polarity  and  molecular  volume.  A 
comparison  of  reversed-phase  HPLC,  SDS-MEKC, 
and  sulfobutyl  ether- (3-cyclodextrin  EKC  for  the 
resolution  of  these  compounds  and  their  degradation 
products  favoured  the  use  of  HPLC  and  CD-EKC. 
The  HPLC  method  offers  a  lower  detection  limit 
(0.004  mg/1,  RSD  =  10%,  n=  3),  while  the  faster 
CD-EKC  method  facilitates  real-time  monitoring  of 
experiments.  The  HPLC  and  the  CD-EKC  methods 
can  be  considered  complimentary  to  each  other  in  the 
determination  of  cyclic  nitramines  and  their  degra¬ 
dation  products  in  environmental  samples. 
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The  cyclic  nitramine  explosive  CL-20  (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane)  was  exam¬ 
ined  in  soil  microcosms  to  determine  whether  it  is  biodegradable.  CL-20  was  incubated  with  a  variety  of  soils. 

The  explosive  disappeared  in  all  microcosms  except  the  controls  in  which  microbial  activity  had  been  inhibited. 

CL-20  was  degraded  most  rapidly  in  garden  soil.  After  2  days  of  incubation,  about  80%  of  the  initial  CL-20  had 
disappeared.  A  CL-20-degrading  bacterial  strain,  Agrobacterium  sp.  strain  JS71,  was  isolated  from  enrichment 
cultures  containing  garden  soil  as  an  inoculum,  succinate  as  a  carbon  source,  and  CL-20  as  a  nitrogen  source. 

Growth  experiments  revealed  that  strain  JS71  used  3  mol  of  nitrogen  per  mol  of  CL-20. 


CL-20  (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtz- 
itane)  is  a  new,  highly  energetic  explosive  related  to  the  explo¬ 
sives  RDX  (hexahydro-l,3,5-trinitro-l,3,5-triazine)  and  HMX 
(octahydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine)  (Fig.  1).  Due 
to  its  higher  energy  and  its  moderate  sensitivity,  CL-20  is  ex¬ 
pected  to  replace  earlier  explosives  (19,  20,  22,  25).  The  pro¬ 
duction  of  CL-20  and  its  use  in  munitions  and  propellants  can 
be  expected  to  lead  to  environmental  contamination.  RDX  and 
HMX,  common  contaminants  in  soil  and  groundwater  at  mu¬ 
nition  manufacturing  sites  and  firing  ranges,  are  toxic  and 
possibly  carcinogenic  (7,  8,  11,  12,  16,  23,  27).  Because  of  the 
structural  similarity  of  CL-20  to  RDX  and  HMX,  it  is  likely 
that  CL-20  has  similar  effects.  So  far,  there  is  little  information 
available  about  the  properties  of  CL-20.  In  contrast  to  RDX 
and  HMX,  CL-20  is  a  caged  molecule  (Fig.  1).  The  water 
solubility  of  CL-20  is  4.8  mg/liter  at  25°C  (Stevens  Institute  of 
Technology  [http://www.cee.stevens-tech.edu/ResProj.html]), 
which  is  lower  than  the  solubility  of  the  nitramines  RDX  and 
HMX  (38.4  and  6.6  mg/liter  at  20°C,  respectively)  (27). 

The  microbial  degradation  of  RDX  and  HMX  under  aerobic 
and  anaerobic  conditions  has  been  extensively  investigated  (1, 
2,  4-6,  9,  13-15,  17,  21).  Under  anaerobic  conditions,  three 
degradation  pathways  have  been  proposed.  The  first  includes 
the  production  of  nitroso  derivatives  of  RDX  and  HMX,  which 
are  subject  to  further  degradation  (15,  21).  Hawari  et  al.  sug¬ 
gested  a  second  degradation  pathway  which  includes  the  direct 
ring  cleavage  of  RDX  and  HMX  without  the  initial  reduction 
of  the  nitro  groups  (14,  15).  The  third  proposed  degradation 
pathway  is  based  on  N  denitration  prior  to  ring  cleavage  (1). 

Under  aerobic  conditions,  RDX  is  degraded  by  a  yet-un- 
known  mechanism.  The  initial  attack  seems  to  be  catalyzed  by 
a  cytochrome  P450  (la,  6,  24).  RDX  degradation  by  Rhodo- 
coccus  sp.  strain  DN22  leads  to  the  formation  of  nitrite,  nitrous 
oxide,  ammonia,  formaldehyde,  and  a  dead-end  product  with  a 
molecular  weight  of  119  which  was  recently  identified  as  4-ni- 
tro-2,4-diazabutanal  (la,  5,  9).  Fournier  et  al.  proposed  a  deg¬ 
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radation  pathway  which  includes  an  initial  denitration  of  RDX 
followed  by  ring  cleavage  to  formaldehyde  and  the  dead-end 
product  (9). 

To  the  best  of  our  knowledge,  no  biodegradation  of  CL-20 
has  been  reported  to  date.  It  is,  therefore,  important  to  deter¬ 
mine  whether  biodegradation  might  affect  the  fate  and  trans¬ 
port  of  CL-20  in  terrestrial  and  aquatic  ecosystems.  To  that 
end  we  evaluated  the  biodegradation  of  CL-20  in  laboratory 
microcosms  and  isolated  a  bacterial  strain  that  is  able  to  grow 
on  CL-20  as  the  sole  nitrogen  source. 

CL-20  biodegradation  in  soil.  Microcosms  with  dried  and 
sieved  garden  and  agricultural  soils  were  incubated  with  CL-20 
provided  by  the  High  Explosives  Research  and  Development 
Facility  at  Eglin  Air  Force  Base,  Fla. 

Microcosm  experiments  were  conducted  in  5-ml  amber  vials 
containing  soil  (2  g),  sterile  water  (1.0  to  1.2  ml),  and  CL-20 
(100  nmol).  CL-20  was  added  from  a  5  mM  stock  solution  in 
methanol.  The  amounts  of  added  water  corresponded  to  the 
water  absorptive  capacity  of  the  soils.  For  inhibiting  microbial 
activity  in  soils,  the  added  water  contained  glutaraldehyde 
(1%)  and  mercuric  chloride  (90  mg/liter).  The  microcosms 
were  vigorously  mixed  by  vortexing  them  and  incubated  in  the 
dark  at  30°C.  For  time  course  studies,  one  microcosm  was 
sacrificed  at  each  time  point.  The  CL-20  concentrations  in  the 
microcosms  in  acetonitrile  extracts  were  determined  by  high- 
pressure  liquid  chromatography  (HPLC)  analysis.  The  mobile 
phase  (65%  [vol/vol]  acetonitrile,  0.1%  [vol/vol]  trifluoroacetic 
acid)  was  pumped  at  a  flow  rate  of  1.0  ml/min  over  a  Spheri- 
sorb  C8  column  (250  by  4.6  mm;  particle  size,  5  p,m;  Alltech, 
Deerfield,  Ill.)  or  a  Synergi  Polar-RP  column  (150  by  4.6  mm; 


FIG.  1.  Molecular  structures  of  the  cyclic  nitramine  explosives 
RDX,  HMX,  and  CL-20. 
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FIG.  2.  CL-20  biodegradation  in  microcosms.  Soils  from  Florida 
(A),  Iowa  (B),  and  Texas  (C)  were  incubated  with  CL-20.  CL-20 
amounts  are  in  nanomoles  per  microcosm.  ■,  active  soil;  ▲,  soil  with 
inhibited  microbial  activity.  Degradation  experiments  were  performed 
in  triplicate,  d,  days. 


particle  size,  4  p,m;  Phenomenex,  Torrance,  Calif.).  Absor¬ 
bance  was  measured  at  a  wavelength  of  230  nm. 

CL-20  was  degraded  in  all  three  soils  (Fig.  2).  The  persis¬ 
tence  of  CL-20  in  sterile  controls  indicated  that  the  degrada¬ 
tion  process  in  active  soil  was  biological.  CL-20  degradation 
was  fastest  in  the  microcosms  containing  garden  soil.  CL-20 
did  not  disappear  completely  in  any  of  the  soils.  The  incom¬ 
plete  degradation  of  CL-20  might  be  due  to  limited  bioavail¬ 
ability.  Residual  amounts  of  CL-20  may  be  sorbed  to  the  soil 
and  therefore  be  unavailable  for  the  microorganisms.  In  gen¬ 
eral,  the  availability  of  contaminants  for  microorganisms  is 


FIG.  3.  CL-20  biodegradation  in  enrichments  with  Florida  soil.  ■, 
active  soil;  ▲,  soil  with  inhibited  microbial  activity.  Minimal  medium 
was  supplemented  with  succinate  (20  mM)  and  CL-20  (100  p,M). 
Enrichments  were  performed  in  triplicate,  d,  days. 


dependent  on  the  properties  of  the  soil  and  the  chemical  com¬ 
pound,  as  well  as  on  mass  transport  (3,  29). 

During  CL-20  degradation  in  the  microcosms  with  garden 
soil,  traces  of  a  transient  metabolite  with  a  molecular  weight  of 
247  could  be  detected  by  HPLC-mass  spectrometry  in  the 
negative  electrospray  ionization  mode.  Further  investigations 
are  under  way  to  identify  the  putative  CL-20  degradation  prod¬ 
uct. 

It  is  not  clear  whether  CL-20  degradation  in  the  soil  micro¬ 
cosms  occurred  aerobically  or  anaerobically.  No  precautions 
were  taken  to  maintain  aerobic  conditions.  Degradation 
started  relatively  quickly,  so  it  can  be  assumed  that  CL-20  was 
degraded  under  aerobic  conditions.  On  the  other  hand,  it  is 
possible  that  small  anaerobic  zones  existed  in  the  soil,  where 
microbes  could  have  degraded  CL-20  anaerobically.  In  prelim¬ 
inary  experiments  CL-20  was  also  degraded  under  anaerobic 
conditions  in  sewage  sludge  (data  not  shown). 

Enrichment  and  isolation  of  the  Agrobacterium  strain  JS71. 
Enrichment  cultures  were  carried  out  in  10  ml  of  M  medium 
(pH  7.0)  without  sodium  chloride  (5).  The  medium  was  sup¬ 
plemented  with  CL-20  (100  p,M)  in  methanol  (5  mM  stock 
solution)  as  the  sole  nitrogen  source  and  succinate  (20  mM)  as 
the  sole  carbon  source  and  inoculated  with  1  g  of  Florida 
garden  soil  in  50-ml  shake  flasks.  The  cultures  were  incubated 
on  a  shaker  at  30°C  and  250  rpm.  Microbial  activity  in  the 
controls  was  inhibited  by  the  addition  of  glutaraldehyde  (1%) 
and  mercuric  chloride  (90  mg/liter).  The  concentrations  of 
CL-20  in  the  enrichments  were  determined  by  HPLC.  Samples 
were  mixed  with  1.5  volumes  of  acetonitrile,  and  suspended 
material  was  removed  by  centrifugation  prior  to  HPLC  analy¬ 
sis. 

CL-20  degradation  in  the  first  enrichment  culture  started 
after  about  3  days  (Fig.  3).  The  disappearance  of  CL-20  veri¬ 
fied  that  CL-20  was  degraded  under  aerobic  conditions.  CL-20 
degradation  in  the  enrichments  was  slower  than  its  degrada¬ 
tion  in  the  soil  microcosms,  probably  because  of  the  smaller 
inoculum  and  the  very  low  water  solubility  of  CL-20.  In  con¬ 
trast  to  the  partial  degradation  of  CL-20  in  the  soil  micro¬ 
cosms,  CL-20  was  completely  degraded  in  the  enrichment  cul¬ 
tures.  The  results  support  the  hypothesis  that  some  of  the 
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FIG.  4.  Growth  of  Agrobacterium  strain  JS71.  Aerobic  cultures 
were  grown  in  medium  with  20  mM  succinate-0. 1%  (vol/vol)  Tween  80 
with  (■)  and  without  (□)  250  pM  CL-20  as  the  sole  nitrogen  source. 
A,  CL-20  concentration.  The  growth  studies  were  performed  in  tripli¬ 
cate  (■)  or  duplicate  (□).  d,  days. 


CL-20  in  the  microcosms  (Fig.  2)  was  unavailable  because  of 
sorption  to  the  soil. 

After  three  subcultures  of  the  enrichment,  appropriate  di¬ 
lutions  were  plated  on  the  above-named  enrichment  medium 
solidified  with  1.5%  (wt/vol)  agarose  (molecular  biology 
grade).  Single  colonies  were  tested  for  the  ability  to  grow  on 
CL-20  as  the  sole  nitrogen  source.  The  selective  enrichment 
yielded  a  bacterial  strain  that  was  able  to  grow  with  CL-20  as 
the  sole  nitrogen  source.  The  16S  rRNA  gene  sequence  from 
the  isolate  was  determined  and  evaluated  by  Midi  Labs  (New¬ 
ark,  Del.).  The  16S  rRNA  gene  sequence  indicated  that  the 
strain  was  most  similar  to  Agrobacterium  rubi  (0.64%  differ¬ 
ence)  and  Agrobacterium  tumefaciens  (0.84%  difference).  The 
isolate  was  gram  negative,  motile,  and  rod  shaped.  These  prop¬ 
erties  correspond  to  the  characteristics  of  the  genus  Agrobac¬ 
terium  (18).  The  isolate  was,  therefore,  named  Agrobacterium 
sp.  strain  JS71. 

The  transformation  of  explosives  by  Agrobacterium  strains 
has  been  described  previously.  Agrobacterium  sp.  strain  2PC 
was  able  to  biotransform  2,4,6-trinitrotoluene  to  monoamino- 
dinitrotoluenes  (10).  White  et  al.  isolated  an  Agrobacterium 
radiobacter  strain  that  transforms  glycerol  trinitrate  to  glycerol 
dinitrates  and  finally  to  glycerol  mononitrates.  The  strain  used 
two  nitrogens  from  glycerol  trinitrate  as  the  nitrogen  source  for 
growth  (28).  An  NADH-dependent  reductase  able  to  remove 
one  nitro  group  from  glycerol  trinitrate  in  the  form  of  nitrite 
was  isolated  from  the  strain  (26).  The  enzyme  also  denitrated 
pentaerythrol  tetranitrate,  isosorbide  dinitrate,  and  ethylene¬ 
glycol  dinitrate  but  did  not  denitrate  isopropyl  nitrate,  2,4,6- 
trinitrotoluene,  or  RDX.  Thus,  the  enzyme  was  able  to  reduce 
nitrate  esters  but  not  nitro  groups  connected  to  a  carbon  or 
nitrogen  atom. 

Growth  studies  with  Agrobacterium  strain  JS71.  The  Agro- 
bacterium  strain  JS71  was  grown  under  the  same  nitrogen- 
limited  conditions  as  those  used  for  the  enrichment  cultures 
but  with  the  addition  of  250  pM  CL-20.  CL-20  was  added  from 
a  stock  solution  in  methanol  (20  mM).  The  optical  densities  of 
the  cultures  could  not  be  determined  because  the  undissolved 
CL-20  interfered  with  the  absorption.  Therefore,  bacterial 
growth  was  estimated  by  determining  the  protein  concentra¬ 
tion.  Cell  suspensions  were  mixed  1:1  with  acetone,  and  the 


cells  were  collected  by  centrifugation  and  washed  with  100  pi 
of  acetone.  The  pelleted  cells  were  suspended  in  0.1  M  NaOH 
and  incubated  at  80°C  for  5  min  to  lyse  the  cells.  Protein 
concentrations  were  determined  with  a  bicinchoninic  acid  pro¬ 
tein  assay  kit  (Pierce,  Rockford,  Ill.).  CL-20  concentrations  in 
the  cultures  were  measured  by  HPLC  after  the  addition  of  4 
volumes  of  acetonitrile  to  the  samples  and  centrifugation  as 
described  above. 

Strain  JS71  grew  in  minimal  medium  containing  succinate 
and  CL-20  at  a  growth  rate  of  0.14  per  day.  The  isolate  did  not 
grow  with  CL-20  as  the  sole  nitrogen  and  carbon  source.  The 
slow  growth  of  strain  JS71  was  probably  due  to  the  very  low 
water  solubility  of  CL-20.  When  the  surfactant  Tween  80  (0.1% 
[vol/vol])  was  added  to  the  cultures  to  increase  the  solubility 
and  therefore  the  availability  of  CL-20,  the  growth  rate  was 
0.59  per  day  (Fig.  4).  Strain  JS71  could  not  grow  in  media 
without  a  nitrogen  source  (Fig.  4)  or  in  media  containing  RDX 
or  HMX  as  the  sole  nitrogen  source  (data  not  shown). 

The  addition  of  Tween  80  to  cultures  containing  CL-20 
facilitated  the  determination  of  CL-20  concentrations  in  addi¬ 
tion  to  increasing  the  growth  rate.  The  disappearance  of  CL-20 
and  the  growth  of  strain  JS71  correlated  directly,  which  sug¬ 
gested  that  initial  metabolites  of  CL-20  were  used  as  the  ni¬ 
trogen  source. 

To  determine  how  many  moles  of  nitrogen  are  assimilated 
from  1  mol  of  CL-20  by  the  Agrobacterium  isolate,  the  strain 
was  grown  in  various  concentrations  of  CL-20  (25,  50,  100,  and 
250  pM)  or  NaNOz  (100,  200,  400,  and  600  pM)  as  the  sole 
nitrogen  source.  The  growth  yield  of  strain  JS71  in  liquid 
medium  was  213  ±  13  g  of  protein  per  mol  of  CL-20  (Fig.  5). 
The  growth  yield  in  medium  with  NaN02  as  the  sole  nitrogen 
source  was  65  ±  3  g  of  protein  per  mol  of  NaN02  (Fig.  5). 
Comparison  of  the  growth  yields  suggests  that  the  Agrobacte¬ 
rium  strain  JS71  uses  3  of  the  12  nitrogen  atoms  from  the 
CL-20  molecule. 

Preliminary  HPLC-mass  spectrometry  negative  electrospray 
ionization  mass  analysis  results  indicated  the  formation  of  a 
metabolite  with  a  molecular  weight  of  88  in  cultures  degrading 
CL-20  (data  not  shown).  Further  investigations  are  necessary 
to  identify  the  structure  of  the  intermediate. 

The  results  indicate  clearly  that  CL-20  is  biodegraded 


FIG.  5.  Growth  yield  of  Agrobacterium  strain  JS71  with  20  mM 
succinate  and  different  concentrations  of  CL-20  (■)  or  NaN02  (A). 
The  CL-20  cultures  were  supplemented  with  0.1%  (vol/vol)  Tween  80. 
All  growth  studies  were  performed  in  duplicate. 
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readily  in  soil.  Therefore,  CL-20  might  be  less  persistent  in  the 
environment  than  RDX  and  HMX,  which  accumulate  at  con¬ 
taminated  sites.  The  lower  water  solubility  of  CL-20  will  be  a 
major  determinant  of  its  availability  for  biodegradation.  Fur¬ 
ther  investigation  is  required  to  elucidate  the  pathway  and  final 
products  of  CL-20  degradation. 

Nucleotide  sequence  accession  number.  The  16S  rRNA  gene 
sequence  of  isolate  JS71  was  deposited  at  GenBank  under 
accession  number  AY174112. 
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CL-20  (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzi- 
tane),  CeHeN  12O12,  is  an  emerging  energetic  chemical 
that  may  replace  RDX,  but  its  degradation  pathways  are 
not  well-known.  In  the  present  study,  zerovalent  iron  was 
used  to  degrade  CL-20  with  the  aim  of  determining  its 
products  and  degradation  pathways.  In  the  absence  of  O2, 
CL-20  underwent  a  rapid  decomposition  with  the  concurrent 
formation  of  nitrite  to  ultimately  produce  nitrous  oxide, 
ammonium,  formate,  glyoxal,  and  glycolate.  LC/MS  (ES-) 
showed  the  presence  of  several  key  products  carrying 
important  information  on  the  initial  reactions  involved  in  the 
degradation  of  CL-20.  For  instance,  a  doubly  denitrated 
intermediate  of  CL-20  was  detected  together  with  the  mono- 
and  dinitroso  derivatives  of  the  energetic  chemical.  Two 
other  intermediates  with  [M  -  H]“  at  392  and  376  Da,  matching 
empirical  formulas  of  CgFUNnOioand  C6H7N11O9,  respectively, 
were  detected.  Using  ,5N-labeled  CL-20,  the  two  inter¬ 
mediates  were  tentatively  identified  as  the  denitrohydroge- 
nated  products  of  CL-20  and  its  mononitroso  derivative, 
respectively.  The  present  experimental  findings  suggest  that 
CL-20  degraded  via  at  least  two  initial  routes:  one 
involving  denitration  and  the  second  involving  sequential 
reduction  of  the  N-NO2  to  the  corresponding  nitroso  IN- 
NO)  derivatives  prior  to  denitration  and  ring  cleavage. 


Introduction 

The  polycyclic  nitramine  2,4,6,8,10,12-hexanitro-2,4,6,8,10,12- 
hexaazaisowurtzitane,  CL-20  (Figure  1),  is  an  emerging 
energetic  chemical  (7)  that  is  currently  under  consideration 
for  a  wider  military  and  industrial  application.  CL-20  has 
been  found  to  be  toxic  (2, 3) ,  thereby  necessitating  its  removal 
from  contaminated  environments.  Several  abiotic  or  biotic 
reactions  have  recently  been  shown  to  degrade  CL-20.  For 
instance,  CL-20  was  found  to  be  highly  unstable  in  alkaline 
solutions  (4)  and  to  undergo  microbial  decomposition  by 
Clostridium  sp.  EDB2  (5),  salicylate  1-monooxygenase  from 
Pseudomonas  sp.  ATCC  29352  (6),  and  Pseudomonas  sp.  FA1 
(7).  In  their  study  with  strain  ATCC  29352,  Bhushan  and  co¬ 
workers  (6)  applied  LC/MS  to  detect  various  early  interme¬ 
diates  in  the  degradation  process.  Imines  were  initially  formed 
that  were  hydrated  into  a-hydroxy  nitramines,  which  sub¬ 
sequently  underwent  ring  cleavage  and  decomposition.  The 
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same  intermediates  were  observed  during  photolysis  of  CL- 
20  in  aqueous  solution  (8).  In  all  studied  cases  nitrite,  nitrous 
oxide,  ammonium,  and  formic  acid  were  the  main  products 
detected,  suggesting  that  initial  denitration  of  CL-20  whether 
via  chemical  or  biochemical  means  would  lead  to  similar 
secondary  decomposition  in  water  (6). 

Zerovalent  iron  has  been  widely  used  to  degrade  a  variety 
of  oxidized  chemicals.  For  instance,  Fe°  was  found  to  degrade 
inorganic  compounds  such  as  nitrate  ion  ( 9—1 1),  chlorinated 
solvents  such  as  perchloroethylene  (PCE)  and  carbon  tet¬ 
rachloride  (CCh)  [12-14],  emerging  contaminants  in  drinking 
water  like  Af-nitrosodimethylamine  (NDMA)  [15,  16],  and 
munitions  wastes  such  as  trinitrotoluene  (TNT)  (77).  Recent 
studies  showed  that  the  monocyclic  nitramine  explosive,  RDX 
(hexahydro-l,3,5-trinitro-l,3,5-triazine)  (Figure  1),  could  be 
readily  degraded  by  Fe°  [17—19]  or  Fe11  [20]  and  that 
permeable  reactive  barriers  containing  zerovalent  iron  may 
be  effective  for  remediation  of  RDX-contaminated  sites  (7  7, 
18,21],  With  sixN— NO2  groups,  CL-20  is  also  a  good  candidate 
for  transformation  via  reductive  processes,  and  zerovalent 
iron  could  be  seen  as  a  potential  treatment  technology 
applicable  to  the  energetic  chemical.  In  the  present  study, 
Fe°  was  employed  to  degrade  CL-20,  and  LC/MS  was  used 
to  detect  new  degradation  products  and  therefore  gain  new 
insight  into  its  degradation  routes.  Understanding  the 
degradation  pathways  of  CL-20  will  contribute  to  the 
development  of  effective  remediation  strategies. 

Experimental  Section 

Chemicals.  2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaazai- 
sowurtzitane  (e-CL-20),  15N-amino-labeled  CL-20,  and  15N- 
nitro-labeled  CL-20  were  provided  by  A.  T.  K.  Thiokol 
Propulsion  (Brigham  City,  UT) .  Fe°  powder  (100  mesh)  having 
a  surface  area  of  0.9821  m2/g  (determined  by  BET  analysis, 
Micromeritics,  Norcross,  GA)  and  oxygen  and  carbon  con¬ 
tents  of  0.54  and  0.28%,  respectively,  was  obtained  from 
Anachemia  Chemicals  (Montreal,  QC,  Canada),  as  was 
glycolic  acid.  Glyoxal  (ethanedial),  0-(2,3,4,5,6-pentafluo- 
robe  n  zy  I )  h  yd  roxy  I  a  in  i  n  e  hydrochloride  (PFBHA),  ferrozine 
(3-(2-pyridyl)-5,6-diphenyl-l,2,4-triazine-p,p'-disulfonic  acid, 
monosodium  salt),  and  iron(II)  sulfate  were  obtained  from 
Aldrich  Chemicals.  All  other  chemicals  used  in  this  study 
were  of  reagent  grade,  and  used  without  further  purification. 

Degradation  of  CL-20  by  Fe°.  A  series  of  20-mL  vials 
wrapped  in  aluminum  foil  and  containing  10  mL  of  deionized 
water  and  0. 1  g  of  Fe°  powder  were  sealed  with  Teflon-coated 
serum  caps  and  sparged  with  argon  for  20  min.  The  redox 
potential  of  the  solution  was  occasionally  measured  after 
sparging  and  found  to  be  —225  mV,  demonstrating  the 
anaerobic  atmosphere  of  the  medium.  An  aliquot  of  CL-20 
stock  solution  (1%  w/v)  prepared  in  acetonitrile  was  then 
added  to  the  vials,  giving  an  initial  amount  of  CL-20  of  2.4 
urnol.  The  initial  CL-20  concentration  (100  mg  I,  ')  was  kept 
well  in  excess  of  its  maximum  water  solubility  (ca.  3.6  mg  L_1 
at  25  °C;  22]  in  an  attempt  to  generate  sufficient  amounts  of 
reaction  intermediates  to  allow  detection.  The  vials  were 
agitated  at  50  rpm  in  a  rotary  shaker. 

The  following  eight  controls  were  prepared  as  described 
above:  (1)  Fe°,  CL-20,  water,  in  air;  (2)  Fe°,  CL-20,  dry 
acetonitrile,  under  argon;  (3)  Fe°,  CL-20,  dry  acetonitrile,  H2 
gas;  (4)  Fe(SC>4),  CL-20,  water,  under  argon;  (5)  Fe°,  HCOCh, 
water,  under  argon;  (6)  Fe°,  glyoxal,  water,  under  argon;  (7) 
Fe°,  NO2A  water,  under  argon;  and  (8)  Fe°,  N20,  water,  under 
argon. 

Analytical  Techniques.  A  gastight  syringe  was  used  to 
sample  gaseous  products  from  the  headspace  for  subsequent 

VOL.  38,  NO.  24,  2004  /  ENVIRONMENTAL  SCIENCE  &  TECHNOLOGY  ■  6861 


02N  /CH2\  /N°2 

N  N 

h2C\  /CH2 

N 
I 

no2 

CL-20  RDX 

FIGURE  1.  Structural  formulas  of  RDX  and  CL-20. 

analysis  of  nitrous  oxide  by  GC-ECD  as  described  by 
Sheremata  and  Hawari  (23) .  Meanwhile,  at  the  end  of  each 
reaction  10  mL  of  acetonitrile  (CH3CN]  was  added  to  the 
whole  reaction  mixture  to  solubilize  any  undissolved  CL-20. 
The  resulting  solution  was  filtered  through  a  0.45-/un  syringe 
filter,  and  CL-20  was  analyzed  by  HPLC  connected  to  a 
photodiode  array  (PDA)  detector  as  described  previously  (24). 

Analyses  of  nitrite  (NO2Q,  nitrate  (NC>3~),  formate 
(IICOO  ),  and  glycolate  (IIOCII2COO  )  were  performed  by 
ion  chromatography  (IC)  equipped  with  a  conductivity 
detector  after  evaporating  acetonitrile  and  removing  the 
glyoxal  by  precipitation  with  PFBHA.  The  Waters  IC  system 
consisted  of  a  model  600  pump,  a  model  717  autosampler 
plus,  and  a  model  430  conductivity  detector.  Separation  was 
performed  on  a  Dionex  IonPac  AS15  column  (2  mm  x  250 
mm).  The  mobile  phase  was  30  mM  KOH  for  nitrite  and 
nitrate  and  5  mM  KOH  for  formate  and  glycolate,  at  a  flow 
rate  of  0.4  mL/min  and  40  °C.  The  detection  of  anions  was 
enhanced  by  reducing  the  background  with  a  model  DS- 
PIus  autosuppressor  from  Altech  (Guelph,  ON,  Canada). 
Ammonia  was  determined  by  ion  chromatography  (IC) .  The 
IC  system  consisted  of  a  resin-based  Hamilton  PRP-X200 
cation  chromatography  column  (250  mm  x  2.1  mm),  a  TSP 
model  P4000  pump,  an  AS3000  autosampler,  and  a  Waters 
Millipore  model  43 1  conductivity  detector.  The  mobile  phase 
was  4  mM  nitric  acid  with  30%  methanol  at  a  flow  rate  of  0.75 
mL/min  at  40  °C. 

To  provide  insight  into  the  role  of  iron  in  catalyzing  CL- 
20  degradation,  the  presence  of  Fe2+  and  Fe3+  was  determined 
using  Stookey’s  Ferrozine  method  (25).  Briefly,  100  fiL  of  a 
0.05  M  solution  of  ferrozine  was  added  to  2  mL  of  the  filtered 
CL-20/Fe°  reaction  mixture,  and  heated  to  ca.  80  °C  for  10 
min.  The  solution  was  cooled  to  21  °C,  and  ammonium 
hydroxide /ammonium  acetate  buffer  (pH  9)  was  added  to 
achieve  a  solution  pH  of  6.  The  absorbance  of  the  resulting 
magenta  colored  solution  of  Fe11  complex  was  measured  at 
562  nm,  and  the  concentration  of  Fe11  in  the  sample  was 
determined  by  comparison  against  a  standard  curve  prepared 
using  ferrous  ammonium  sulfate.  To  determine  Fem,  hy- 
droxylamine  hydrochloride  (10%  v/v)  was  added  to  the 
filtered  CL-20/Fe°  reaction  mixture  in  order  to  reduce  Fem 
to  Fe11.  The  converted  Fe11  was  then  determined  by  the  same 
procedure,  and  [Fem]  was  calculated  by  subtracting  the 
amount  of  Fe11  found  in  the  CL-20/Fe°  reaction  mixture  prior 
to  the  addition  of  hydroxylamine  hydrochloride  from  the 
amount  of  Fe11  found  after  the  addition  of  the  amine. 

Glyoxal  (CHO— CHO)  was  determined  as  its  derivatized 
productwithO-(2,3,4,5,6-pentafluorobenzyl)hydroxylamine 
hydrochloride  (PFBHA)  (26).  A  solution  of  PFBHA  (15  g  L_1; 
20  /<L)  was  added  to  0.5  mL  of  aqueous  sample,  and  the  pH 
was  adjusted  to  3  with  5%  HC1.  After  1  h  of  reaction  in  the 
dark  and  at  room  temperature,  1  mL  of  acetonitrile  was  added 
to  the  mixture,  and  the  resulting  solution  was  analyzed  by 
HPLC/UV-MS.  The  derivatized  compound  was  analyzed  in 
the  positive  electrospray  mode  (ES+)  using  a  Micromass 
benchtop  single  quadrupole  mass  detector  attached  to  a 
Hewlett-Packard  1100  series  HPLC  system  equipped  with  a 
DAD  detector.  Separation  was  performed  on  a  Supelcosil  C8 
column  (25  cm  x  4.6  mm,  5  /im)  at  35  °C  using  1  mL/min 


FIGURE  2.  Time  course  of  the  Fe°-mediated  anaerobic  degradation 
of  CL-20  in  water.  (A)  Carbon-containing  compounds.  (B)  Nitrogen- 
containing  compounds.  Data  points  are  the  mean  and  error  bars  the 
average  deviation  ( n  =  2). 

of  acetonitrile /water  gradient  (60%  of  acetonitrile  to  90%,  10 
min,  90%  to  60%,  2  min,  and  60%,  6  min).  The  identity  of  the 
derivatized  compound  was  confirmed  by  comparing  the  mass 
spectrum  obtained  with  that  obtained  with  glyoxal  and 
quantification  was  done  by  UV  at  250  nm. 

Intermediate  products  of  CL-20  were  analyzed  by  LC/MS 
using  a  Bruker  benchtop  ion  trap  mass  detector  attached  to 
a  Hewlett-Packard  1100  series  HPLC  system  equipped  with 
a  DAD  detector.  The  samples  were  injected  into  a  5-//m  pore 
size  Zorbax  SB-C18  capillary  column  (0.5  mm  i.d.  by  150 
mm;  Agilent,  CA)  at  25  °C.  The  solvent  system  was  composed 
of  a  CH3CN/H2O  gradient  (30%  v/v  to  70%  v/v)  at  a  flow  rate 
of  15  «L/ min.  For  mass  analysis,  negative  electrospray 
ionization  was  used  to  produce  deprotonated  molecular  ions 
[M  -  H]  -  or  nitrate  adduct  ions  [M  +  NO3]  .  The  mass  range 
was  scanned  from  40  to  550  Da.  The  identity  of  the 
intermediates  was  confirmed  using  15N-amino-  and  15N-nitro- 
labeled  CL-20.  Nitrogen  gas  including  15N14N  and  15N15N  and 
nitrous  oxide  including  15N14NO  and  15N15NO  were  analyzed 
using  a  GC/MS  as  described  previously  (23). 

Results  and  Discussion 

Degradation  of  CL-20  with  Iron.  Figure  2  shows  that  CL-20 
(2.4  /mol)  completely  degraded  within  10  h  of  reaction  with 
Fe°  (under  anaerobic  conditions)  to  form  HCOO  ,  NCL  , 
NH/,  and  N20.  These  products  are  the  same  as  those  reported 
in  previous  studies  on  the  alkaline  hydrolysis  (4),  photolysis 
(8) ,  and  microbial  degradation  (5—  7)  of  CL-20.  Formaldehyde, 
which  is  a  common  degradation  product  of  RDX  and  HMX, 
was  not  detected  here.  However,  while  RDX  and  HMX  are 
cyclic  oligomers  of  methylene  nitramine,  CH2-NNO2,  CL-20 
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FIGURE  3.  LC/UV  chromatograms  at  250  nm  showing  the  detection 
of  glyoxal.  (A)  CL-20/Fe°  reaction  solution  after  derivatization.  (B) 
Glyoxal  standard  solution  after  derivatization  with  pentafluoroben- 
zylhydroxylamine.  (C)  MS  (ES+)  obtained  for  both  the  standard  and 
the  sample. 

contains  the  repeating  unit  CH-NNO2  where  each  carbon 
atom  is  bound  to  another  carbon  (Figure  1).  Moreover, 
whereas  RDX  and  HMX  are  both  synthesized  from  formal¬ 
dehyde,  glyoxal  (CHO— CHO)  is  used  as  the  starting  material 
in  the  synthesis  of  CL-20  (1,  27).  We  thus  investigated  the 
presence  of  glyoxal  as  a  possible  degradation  product  of  CL- 
20. 

Figure  3  shows  the  chromatograms  obtained  upon 
separately  derivatizing  the  reaction  mixture  and  a  reference 
standard  of  glyoxal  with  PFBHA.  The  exact  match  between 
the  sample  and  the  standard  conclusively  proved  that  glyoxal 
was  a  product  of  CL-20  degradation,  and  to  the  best  of  our 
knowledge,  this  is  the  first  such  report.  Glyoxal  was  analyzed 
throughout  the  reaction  (Figure  2A)  as  the  derivatized  product 
of  PFBHA.  Since  Figure  2A  clearly  shows  that  glyoxal  was  a 
transient  species,  we  analyzed  for  its  potential  decomposition 
product(s).  It  has  been  reported  that  glyoxal  in  the  presence 
of  multivalent  metal  ions  including  Fe11  can  be  transformed 
into  glycolic  acid  (28) .  A  control  containing  glyoxal  (2.67 /tmol) 
and  iron  (0.1  g)  led  to  the  production  of  glycolic  acid  (1.16 
/(mol),  demonstrating  the  transformation  of  glyoxal  into 
glycolic  acid  under  the  present  conditions.  As  a  consequence, 
glycolic  acid  was  also  measured  in  the  reaction  medium 
(Figure  2A).  Unlike  glyoxal,  formate  did  not  react  with  iron 
under  the  current  conditions. 

Figure  2B  summarizes  the  nitrogen-containing  products 
of  CL-20.  Of  the  nitrogen-containing  product  N20  and 
ammonia  (detected  as  NH4+)  appeared  to  be  stable,  in 
agreement  with  what  was  observed  when  stirring  Fe°  (0.1  g) 
with  2  /(mol  of  NH4C1  or  0. 1 1  /(mol  of  N20 .  The  transformation 
of  nitrite  after  16  h  is  consistent  with  the  findings  of  other 
researchers  who  observed  that  Fe°  could  chemically  reduce 
nitrite  to  ammonium  (9, 12,  29).  An  experiment  was  specif¬ 
ically  designed  to  evaluate  the  transformation  of  nitrite  with 
iron  under  the  present  conditions.  After  contacting  Fe°  (0.1 
g)  with  an  aqueous  solution  of  nitrite  (2.4  /(mol)  for  16  h, 
NH4+  (0.6  /(mol),  N20  (0.12  /(mol),  and  N2  (not  quantified) 
were  observed  along  with  unreacted  nitrite  (0.9  /(mol).  A 
fraction  of  the  ammonium  and  nitrous  oxide  detected  at  the 
end  of  the  reaction  likely  resulted  from  the  reduction  of  nitrite 
ions,  as  supported  by  the  detection  of  15N15NO  (46  Da)  when 
using  15N-nitro-labeled  CL-20. 

After  4  h  of  reaction,  83%  of  CL-20  was  transformed  to 
give  a  carbon  mass  balance  of  46.5%  that  was  distributed 
between  1 1  COO  (formate,  4.9%)  and  CHO-CHO  (glyoxal, 
41.6%).  However,  when  the  derivatization  was  performed  at 
a  higher  temperature  (65  °C),  some  reaction  intermediates 
decomposed  further  to  give  a  greater  yield  of  glyoxal  (up  to 
60%) .  Analysis  of  the  reaction  medium  by  LC/MS  at  this  time 


confirmed  the  presence  of  several  intermediates  in  the  system 
(see  next  section) .  At  the  end  of  the  reaction  (48  h) ,  the  carbon 
mass  balance  decreased  to  32.4%  and  was  distributed  as 
follows:  1 1  COO  (formate,  6.8%),  CHO— CHO  (glyoxal,  12.1%), 
and  CH2OH— COO-  (glycolate,  13.5%).  The  amount  of  glyoxal 
significantly  decreased  between  4  and  48  h  to  produce 
glycolate.  However,  the  decrease  in  total  C  mass  balance 
shows  that  glycolate  was  not  the  only  product  of  glyoxal.  The 
latter  is  a  highly  reactive  dialdehyde  (30)  that  can  readily 
condense  with  alcohols  and  amines,  which  are  suspected 
products  in  the  system. 

As  for  the  nitrogen  mass  balance,  it  was  60.7%  after  4  h, 
distributed  among  N02-  (19.6%),  N20  (35.5%),  and  NH3 
(5.6%).  The  use  of  15N-amino-labeled  CL-20  led  to  the 
detection  of  a  mass  ion  of  29  Da  corresponding  to  15N-14N, 
confirming  that  N2  was  a  product  of  CL-20,  but  we  were 
unable  to  quantify  it. 

Insights  into  the  Role  of  Fe°  in  Initiating  the  Decom¬ 
position  of  CL-20.  Oxidation  of  Fe°  to  Fe11  in  water  is 
concomitant  with  a  release  of  hydroxide  ions  in  solution  (eq 
1),  so  that  one  might  expect  a  pH  increase  as  the  reaction 
evolves.  Since  hydrolysis  of  CL-20  has  been  observed  under 
alkaline  conditions  (4),  a  possible  initiator  for  CL-20  de¬ 
composition  was  the  OH-  resulting  from  oxidation  of  iron. 
The  pH  was  thus  measured  at  the  end  of  each  reaction  and 
was  found  to  remain  constant  at  approximately  5.5,  even 
after  120  h  of  reaction.  The  formation  of  formic  and  glycolic 
acids  as  products  of  CL-20  may  be  responsible  for  the  pH 
stabilization.  Hydrolysis  of  CL-20  was  therefore  excluded  as 
a  potential  degradation  route. 

Fe°  +  2H20  —  Fe2+  +  H2  +  20H~  (1) 

In  the  Fe°— H20  system,  there  are  three  main  reductants 
present  upon  the  anaerobic  corrosion  of  the  metal  (eq  1): 
Fe°,  Fe11,  and  H2  (31).  Neither  iron  powder  in  dry  MeCN  nor 
iron  powder  in  dry  MeCN  in  the  presence  of  H2  were  able 
to  degrade  CL-20  (data  not  shown) ,  suggesting  that  Fe°  or  H2 
would  not  be  responsible  for  CL-20  decomposition.  This 
observations  added  to  the  formation  of  Fe111  upon  reduction 
of  CL-20  led  us  to  attribute  the  reductive  process  to  Fe11.  For 
instance,  we  found  that  after  6  h  of  contact  between  CL-20 
and  Fe°  approximately  5  ppm  (0.89  /(mol)  of  Fem  was  detected. 
By  contrast,  an  oxygen-free  control  solution  containing  only 
Fe°  and  water  (i.e.,  no  CL-20)  produced  a  negligible  quantity 
of  Fe111  ion  in  the  same  time  span.  When  CL-20  (2.3  /(mol) 
was  mixed  with  FeS04  (3.56 /(mol,  200  ppm  in  Fe11  as  measured 
by  Stookey's  method)  degradation  did  not  occur,  indicating 
that  Fe2+  ions  in  solution  were  not  responsible  for  the 
degradation  of  CL-20.  Since  dissolved  Fe2+  ion  had  no  impact 
on  CL-20  degradation,  the  e-transfer  to  the  energetic  chemical 
that  caused  its  degradation  must  have  involved  surface- 
bound  Fe2+.  The  involvement  of  surface  bound  Fe2+  was  noted 
earlier  for  the  destruction  of  a  wide  variety  of  environmental 
organic  contaminants  including  CC14  (12, 14),  trifluralin  (32), 
nitrobenzenes  (33,  34),  and  the  nitramine,  RDX  (20). 

Note  that  in  the  presence  of  oxygen,  Fe°  can  still  form 
Fe2+  (eq  2),  but  the  electrons  generated  from  Fe2+  oxidation 
are  trapped  by  triplet  oxygen,  T02  (a  diradical  in  the  ground 
state)  instead  of  initiating  CL-20  destruction.  As  a  result,  CL- 
20  degradation  was  not  observed  when  the  experiment  was 
conducted  in  air. 

2Fe°  +  Oz  +  2H20  —  2Fe2+  +  40H~  (2) 

Thus,  in  the  absence  of  air,  the  oxidation  of  surface-bound 
Fe11  to  Fe111  and  the  subsequent  transfer  of  a  single  electron 
to  CL-20  were  likely  responsible  for  the  degradation  of  the 
energetic  chemical.  The  resulting  CL-20  anion  radical  is 
expected  to  rapidly  denitrate  to  undergo  spontaneous 
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FIGURE  4.  Typical  LC/MS  chromatograms  of  intermediates  I  and 

II  formed  upon  the  double  denitration  of  CL-20  in  the  Fe°-mediated 
reaction.  (A)  Extracted  ion  chromatogram  (EIC)  of  m/z  =  345  (I)  and 
381  Da  (II).  (B)  Mass  spectra  and  structures  of  I  and  II. 

decomposition  as  observed  by  Bhushan  et  al.  (6).  According 
to  the  crystal  structure  analysis  of  CL-20  (35),  the  elongated 
C— C  bond  at  the  top  of  the  molecule  is  the  weakest  bond 
and  should  cleave  first. 

Potential  Initial  Decomposition  Routes  of  CL-20.  LC  / 

MS  analysis  showed  the  presence  of  the  imine  (I)  and  its 
dicarbinol  (II)  intermediates  with  retention  times  of  8.6  and 
14.0  min,  respectively  (Figure  4A).  Intermediates  I  and  II, 
which  showed  their  (M  -  H]~  ions  at  345  and  381  Da  (Figure 
4B),  respectively,  were  observed  during  biodegradation  (6) 
and  photodenitration  (S)  of  the  chemical.  Imine  I  can  be 
readily  hydrated  in  water  (36)  and  form  the  a-hydroxyalkyl- 
nitramine  II.  The  resulting  a-hydroxynitramines  is  unstable 
(36)  and  is  expected  to  undergo  a  rapid  ring  cleavage  (across 
the  O2NN— COH  bond)  to  ultimately  produce  formate  from 
the  elongated  C— C  bond  and  glyoxal  from  the  remaining 
two  C— C  bonds  in  CL-20  (6). 

In  the  present  study,  we  were  able  to  detect  two  new 
intermediates  (III  and  IV)  with  retention  times  at  16.8  and 
16.3  min,  respectively  (Figure  5A).  The  two  intermediates 
had  their  [M  -  1 1|  at  421  and  405  Da  each  matching  an 
empirical  formula  of  Cel  LN^Oi  1  or  Cel  LNilOki,  respectively 
(Figure  5B).  The  corresponding  nitrate  adduct  ions  [M  + 
NC>3~]~  were  detected  at  484  and  468  Da,  respectively.  Using 
15N-ring-labeled  and  15N02-labeled  CL-20,  III  and  IV  were 
detected  at  427  and  411  Da,  respectively,  representing  an 
increase  of  6  amu  in  each  case  due  to  the  presence  of  six  15N 
atoms.  In  the  case  of  15N-amino  labeled  CL-20  the  adduct 
mass  ions  of  the  III  and  IV  appeared  at  490  and  474  Da, 
respectively,  also  showing  an  increase  of  6  amu.  However, 
in  the  case  of  15N02-labeled  CL-20,  the  adduct  mass  ions  of 

III  and  IV  appeared  at  491  and  475  Da,  respectively, 
representing  an  increase  of  7  amu.  The  extra  1  amu  was 
attributed  to  the  involvement  of  '"NO:-,  originated  from  the 
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FIGURE  5.  Typical  LC/MS  chromatograms  of  early  intermediates  III 
and  IV  in  the  Fe°-mediated  decomposition  of  CL-20.  (A)  Extracted 
Ion  Chromatogram  (EIC)  of  m/z  =  484  (III)  and  468  Da  (IV).  (B)  Mass 
spectra  and  structures  of  III  and  IV. 

15N02-labeled  CL-20.  A  similar  nitrate  adduct  was  detected 
during  LC/MS  analysis  of  CL-20  (500  Da)  (S).  We  tentatively 
identified  III  and  IV  as  the  mononitroso  and  the  dinitroso 
derivatives  of  CL-20  (Figure  5B).  As  far  as  we  are  aware,  this 
is  the  first  observation  of  nitroso  products  of  CL-20.  The 
transient  observation  of  initially  reduced  nitroso  products 
III  and  IV  highlights  the  potential  occurrence  of  second  initial 
degradation  route  for  CL-20,  (i.e.,  the  sequential  reduction 
of  N— N02  groups  to  the  corresponding  N— NO  derivatives). 
Similar  reduction  has  been  reported  for  RDX  with  iron  (19, 
20),  but  no  such  reactions  were  known  with  CL-20. 

Finally,  Figure  6  shows  the  presence  of  two  other  key 
intermediates  (V  and  VI)  of  CL-20  with  their  LC/MS  peaks 
appearing  at  retention  times  of  13.9  and  13.4  min  and  their 
deprotonated  molecular  mass  ions  at  392  and  376  Da, 
respectively.  The  two  intermediates  showed  their  nitrate 
adduct  ions  [M  +  NO3  ]  at  455  and  439  Da,  respectively 
(Figure  6B).  The  use  of  15N02-labeled  CL-20  led  to  the 
observation  of  V  and  VI  at  397  and  381  Da,  respectively, 
suggesting  the  loss  of  one  N02  from  CL-20.  Intermediate  V 
(Figure  6B)  was  tentatively  identified  as  the  denitrohydro- 
genated  intermediate  while  intermediate  VI  (Figure  6B)  was 
tentatively  identified  as  its  denitrohydrogenated  mononitroso 
product  of  CL-20.  The  formation  of  the  last  two  intermediates 
resembles  the  known  pathway  of  the  reductive  dechlorination 
of  polychlorinated  compounds  by  zerovalent  iron  (dehalo- 
hydrogenation)  (12, 14)  where  there  is  an  apparent  substitu¬ 
tion  of  hydride  for  the  leaving  group  (CD  or  N02~).  While  the 
finding  that  CL-20  can  degrade  via  multiple  pathways  is 
important,  the  absence  of  reference  standards  for  these  newly 
detected  intermediates  prevented  us  from  determining  the 
quantitative  contribution  of  each  route  in  the  decomposition 
of  CL-20. 

Environmental  Significance.  This  study  demonstrates 
that  elevated  concentrations  of  CL-20  (100  mg/L)  can  be 
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FIGURE  6.  Typical  LC/MS  chromatograms  of  intermediates  V  and 
VI  in  the  Fe°-mediated  decomposition  of  CL-20.  (A)  Extracted  ion 
chromatogram  (EIC)  of  m/z  =  455  (V)  and  376  Da  (VI).  (B)  Mass 
spectra  and  structures  of  V  and  VI. 


efficiently  decomposed  within  a  few  hours  in  the  presence 
of  zerovalent  iron  in  water  in  the  absence  of  oxygen.  The 
technology  of  permeable  reactive  barriers  composed  of  Fe° 
therefore  holds  great  promise  to  rapidly  remediate  this 
potential  emerging  contaminant  from  anaerobic  subsurface 
soils.  While  nitrous  oxide  and  ammonium  constitute  the 
major  nitrogen- containing  products,  formate,  glyoxal,  and 
glycolic  acid  were  discovered  as  important  products  con¬ 
tributing  to  the  carbon  mass  balance.  Glyoxal  is  a  known 
toxic  chemical  (37),  and  its  formation  as  a  product  of  CL-20 
will  require  investigating  its  fate  under  natural  conditions. 
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Vimal  K.  Balakrishnan,  Fanny  Monteil-Rivera,  Mathieu  A.  Gautier,  and  Jalal  Hawari* 


ABSTRACT 

The  polycyclic  nitramine  CL-20  (2,4,6,8,10,12-hexanitro-2,4,6,8,10, 
12-hexaazaisowurtzitane)  is  being  considered  for  use  as  a  munition, 
but  its  environmental  fate  and  impact  are  unknown.  The  present  study 
consisted  of  two  main  elements.  First,  sorption-desorption  data  were 
measured  with  soils  and  minerals  to  evaluate  the  respective  contribu¬ 
tions  of  organic  matter  and  minerals  to  CL-20  immobilization.  Second, 
since  CL-20  hydrolyzes  at  a  pH  of  >7,  the  effect  of  sorption  on  CL-20 
degradation  was  examined  in  alkaline  soils.  Sorption-desorption  iso¬ 
therms  measured  using  five  slightly  acidic  soils  (5.1  <  pH  <  6.9) 
containing  various  amounts  of  total  organic  carbon  (TOC)  revealed 
a  nonlinear  sorption  that  increased  with  TOC  [  A',,  (0.33%  TOC)  = 
2.4  L  kg-1;  A'{|  (20%  TOC)  =  311 L  kg-1].  Sorption  to  minerals  (Fe203, 
silica,  kaolinite,  montmorillonite,  illite)  was  very  low  (0  <  A'„  <  0.6  L 
kg  '),  suggesting  that  mineral  phases  do  not  contribute  significantly 
to  CL-20  sorption.  Degradation  of  CL-20  in  sterile  soils  having  differ¬ 
ent  pH  values  increased  as  follows:  sandy  agricultural  topsoil  from 
Varennes,  QC,  Canada  (VT)  (pH  =  5.6;  Ad  =  15  L  kg  ’;  8%  loss)  < 
clay  soil  from  St.  Sulpice,  QC,  Canada  (CSS)  (pH  =  8.1;  Ad  =  1  L 
kg-1;  82%  loss)  <  sandy  soil  provided  by  Agriculture  Canada  (SAC) 
(pH  =  8.1,  Ad  =  approximately  0  L  kg  ';  100%  loss).  The  faster 
degradation  in  SAC  soil  compared  with  CSS  soil  was  attributed  to 
the  absence  of  sorption  in  the  former.  In  summary,  CL-20  is  highly 
immobilized  by  soils  rich  in  organic  matter.  Although  sorption  retards 
abiotic  degradation,  CL-20  still  decomposes  in  soils  where  pH  is  >7.5, 
suggesting  that  it  will  not  persist  in  even  slightly  alkaline  soils. 


The  polycyclic  nitramine  CL-20  (Fig.  1)  is  a  highly 
energetic  explosive  that  is  currently  being  consid¬ 
ered  for  large-scale  production  and  military  applica¬ 
tions.  Presently,  due  to  the  relative  novelty  of  CL-20, 
very  little  is  known  about  its  environmental  fate.  In 
general,  the  manufacturing  and  usage  of  munitions  has 
resulted  in  severe  contamination  of  both  soils  and 
ground  water  (Haas  et  al.,  1990;  Myler  and  Sisk,  1991). 
Like  the  monocyclic  nitramines  RDX  (hexahydro-1,3,5- 
trinitro-l,3,5-triazine)  and  HMX  (octahydro-l,3,5,7-tetra- 
nitro-l,3,5,7-tetrazocine)  (Fig.  1)  that  have  been  re¬ 
ported  to  be  toxic  to  a  number  of  ecological  receptors 
(Yinon,  1990;  Talmage  et  al.,  1999),  CL-20  was  recently 
found  to  be  toxic  to  the  earthworm  (Robidoux  et  al., 
2004).  In  contrast  to  currently  used  munitions,  the  ad¬ 
verse  environmental  consequences  of  widespread  usage 
of  CL-20  can  be  limited  by  investigating  its  transport, 
transformation,  and  impact  in  soil. 

Recently,  we  showed  that  CL-20  readily  underwent 
denitration  under  alkaline  conditions  in  water  (pH  = 
10)  (Balakrishnan  et  al.,  2003)  at  a  faster  rate  than  did 
the  monocyclic  nitramines  RDX  and  HMX.  From  an 
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environmental  perspective,  an  extension  of  this  investi¬ 
gation  to  natural  media  that  also  encompasses  the  role 
of  sorption-desorption  on  CL-20  hydrolysis  in  soil 
would  be  useful. 

Sorption  of  organic  chemicals  to  soil  is  a  process  that 
can  affect  mobility,  degradation,  and  toxicity  by  reduc¬ 
ing  availability.  A  fundamental  understanding  of  sorp¬ 
tion  and  desorption  mechanisms  is  therefore  essential 
for  accurate  prediction  of  the  fate  and  impact  of  organic 
contaminants  in  soils  and  ground  water.  Several  soil 
properties,  including  organic  carbon  content,  pH,  cation 
exchange  capacity  (CEC),  and  the  amount  and  type  of 
clay  may  affect  the  sorption  of  organic  compounds.  Of 
these  properties,  organic  carbon  and  clay  minerals  have 
been  shown  to  have  the  highest  influence  on  sorption 
of  nonionic  molecules  (Huang  et  al.,  1998;  Weber  et 
al.,  1998;  Karapanagioti  et  al.,  2001).  Previous  studies 
performed  with  RDX  (Leggett,  1985;  Sheremata  et  al., 
2001)  and  HMX  (Brannon  et  al.,  2002;  Monteil-Rivera 
et  al.,  2003)  revealed  that  both  nitramines  had  a  very 
low  tendency  to  sorption  and  that  this  sorption  was 
governed  by  the  clay  rather  than  the  organic  content  of 
soil.  To  our  knowledge,  the  sorption-desorption  behav¬ 
ior  of  CL-20  in  soils  has  not  been  reported  in  the  lit¬ 
erature. 

In  this  study,  we  first  measured  sorption-desorption 
isotherms  for  CL-20  with  five  slightly  acidic  soils  that 
varied  in  organic  content.  Then  the  extent  of  sorption 
on  minerals  was  measured  to  evaluate  the  respective 
contribution  of  organic  matter  and  minerals  in  immobi¬ 
lizing  the  explosive.  Finally,  we  investigated  the  effect 
of  sorption-desorption  on  the  stability  of  CL-20  in  ster¬ 
ile  soils  having  different  pH  values. 

MATERIALS  AND  METHODS 
Chemicals 

CL-20  (purity  99.3%,  determined  by  reverse  phase  high 
performance  liquid  chromatography  [HPLC])  was  obtained 
from  A.T.K.  Thiokol  Propulsion  (Brigham  City,  UT),  as  an 
e-form  (>95%  as  determined  by  IR).  Silica  (Grade  60,  60-200 
mesh),  Fe(III)  oxide  (5  p,m,  >99%  pure),  kaolinite,  and  mont¬ 
morillonite  K10  were  obtained  from  Aldrich  Chemicals  (St. 
Louis,  MO)  and  used  as  received.  Monoclinic  illite  shale 
{(K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,H2O])  was  obtained 
from  Ward’s  Natural  Science  Establishment  (Rochester,  NY), 
ground,  and  passed  through  a  2-mm  sieve.  The  pH  of  the 
powdered  illite  (initially  =  8.60)  was  adjusted  to  5.4  using 


Abbreviations:  CSS,  clay  soil  from  St.  Sulpice;  QC,  Canada;  FS,  sandy 
forest  soil  provided  by  a  local  supplier;  FSB,  sandy  forest  soil  from 
Boucherville,  QC,  Canada;  GS,  sandy  garden  soil  obtained  from  a 
local  supplier;  HPLC,  high  performance  liquid  chromatography;  Ad, 
distribution  coefficient;  AF,  Freundlich  adsorption  coefficient;  Aoc, 
organic-carbon-normalized  distribution  coefficient;  Aow,  n-octanol- 
water  distribution  coefficient;  SAC,  sandy  soil  provided  by  Agriculture 
Canada;  SSL,  Sassafras  sandy  loam;  TOC,  total  organic  carbon;  VT, 
sandy  agricultural  topsoil  from  Varennes,  QC,  Canada. 
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RDX 


Log  Kow  =  0.90 

Sap.  (25°C)  =  56.4  mg  L"1 


HMX 


Log  Kow  =  0.16 

Saq.  (25°C)  =  4.5  mg  L'1 


CL-20 


Log  Kow  =  1 .92 

Saq.  (25°C)  =  3.6  mg  L'1 


Fig.  1.  Structures  and  relevant  physicochemical  properties  of  selected 
nitramine  explosives  (data  from  Monteil-Rivera  et  al.,  2004). 


HC1  in  the  sorption  experiments.  All  other  chemicals  were  ol 
reagent  grade  and  used  without  purification. 


Table  1.  Characterization  of  soils  used  in  this  study. 


Granulometry 

Soilf  Sand  Silt  Clay 


Total  organic 
C  (dry  basis)  pH 


O/ 

/o 


VT 

83 

12 

4 

2.3 

5.6 

SSL 

71 

18 

11 

0.33 

5.1 

FSB 

99.3 

fl.7± 

16 

5.7 

FS 

89.8 

9.1 

1.2 

20 

6.9 

GS 

99.4 

0.6f 

34 

6.1 

CSS 

2.3 

53.2 

44.5 

0.31 

8.1 

SAC 

98.6 

1.3 

0.1 

0.08 

8.1 

t  VT,  sandy  agricultural  topsoil  from  Varennes,  QC,  Canada;  SSL,  Sassa¬ 
fras  sandy  loam;  FSB,  sandy  forest  soil  from  Boucherville,  QC,  Canada; 
GS,  sandy  garden  soil  obtained  from  a  local  supplier;  FS,  sandy  forest 
soil  provided  by  a  local  supplier;  CSS,  clay  soil  from  St.  Sulpice,  QC, 
Canada;  SAC,  sandy  soil  provided  by  Agriculture  Canada, 
t  Value  denotes  silt  +  clay. 


aluminum  foil  and  agitated  on  a  wrist-action  shaker  at  430 
rpm  for  the  desired  contact  time.  They  were  then  centrifuged 
for  30  min  at  1170  X  g,  and  the  supernatant  was  filtered 
through  a  Millex-HV  0.45-|j,m  filter  (Millipore  Corp.,  Billerica, 
MA).  The  filtrate  collected  after  discarding  the  first  3  mL  was 
analyzed  by  HPLC,  as  described  below. 

Desorption  experiments  were  conducted  by  adding  deion¬ 
ized  water  (15  mL  for  SSL  and  VT  soils,  10  mL  for  other 
sorbents)  to  the  pellet  remaining  in  the  tube  after  removing 
the  supernatant,  and  agitating  the  suspensions  for  the  required 
contact  times.  Samples  were  then  centrifuged,  filtered,  and 
analyzed  as  described  for  sorption  experiments.  The  solution 
volumes  that  remained  in  the  soil  at  the  end  of  the  sorption  and 
desorption  phases  were  determined  by  weight  and  corrections 
were  made  to  account  for  CL-20  present  in  these  volumes. 

To  estimate  CL-20  losses  during  the  experiments,  sorbed 
CL-20  was  extracted  with  acetonitrile  from  the  solid  recovered 
after  sorption  or  desorption  as  described  in  USEPA  SW-846 
Method  8330  (USEPA,  1997),  modified  to  use  an  acidic  cal¬ 
cium  chloride  solution  (CaCl2:  5  g  1.  ';  NaHS04:  0.23  g  L 
pH  =  3)  in  the  sedimentation  step. 


Soils 

Seven  soils  were  used  in  this  study:  (i)  a  Sassafras  sandy 
loam  (SSL)  (fine-loamy,  siliceous,  semiactive,  mesic  Typic 
Hapludults)  sampled  in  an  uncontaminated  open  grassland 
on  the  property  of  U.S.  Army  Aberdeen  Proving  Ground, 
(Edgewood,  MD);  (ii)  a  sandy  agricultural  topsoil  from  Var¬ 
ennes,  QC,  Canada  (VT);  (iii)  a  sandy  forest  soil  from  Bou¬ 
cherville,  QC,  Canada  (FSB);  (iv)  a  sandy  forest  soil  provided 
by  a  local  supplier  (FS);  (v)  a  sandy  garden  soil  obtained  from 
a  local  supplier  (GS);  (vi)  a  clay  soil  from  St.  Sulpice,  QC, 
Canada  (CSS);  and  (vii)  a  sandy  soil  provided  by  Agriculture 
Canada  (SAC).  Soils  were  passed  through  a  2-mm  sieve  and 
air-dried  before  using.  The  soils  differed  with  respect  to  total 
organic  carbon,  pH  levels,  and  sand,  silt,  and  clay  content 
(Table  1).  A  portion  of  the  VT,  CSS,  and  SAC  soils  was 
sterilized,  as  described  elsewhere  (Sheremata  et  al.,  2001), 
by  gamma  irradiation  from  a  “Co  source  at  the  Canadian 
Irradiation  Center  (Laval,  Quebec)  with  a  dose  of  50  kGy 
over  2  h. 

General  Sorption-Desorption  Procedure 

Batch  sorption  experiments  were  conducted  at  ambient 
temperature  (21  ±  2°C)  in  16-mL  borosilicate  centrifuge  tubes 
fitted  with  Teflon-coated  screw  caps.  For  SSL  and  VT  soils, 
15  mL  of  CL-20  solution  was  added  to  2  g  of  dried  soil,  while 
for  all  other  soils  and  minerals,  10  mL  of  CL-20  solution  and 
1.34  g  of  dry  sorbent  were  used.  The  tubes  were  wrapped  in 


Sorption  and  Desorption  Kinetics 

The  time  needed  to  establish  sorption  and  desorption  equi¬ 
libria  was  determined  by  conducting  kinetics  experiments  on 
the  VT  and  GS  soils.  For  sorption  experiments,  an  aqueous 
solution  of  CL-20  (3  mg  L_1)  was  shaken  with  soil  over  a 
period  ranging  from  1  h  to  14  d.  For  desorption  kinetics  experi¬ 
ments,  the  soils  were  first  shaken  with  a  3  mg  L_1  CL-20 
solution  for  72  h.  After  centrifugation,  the  supernatant  was 
removed  and  the  pellet  was  contacted  with  fresh  deionized 
water  over  periods  varying  from  1  h  to  6  d.  Sorbed  CL-20 
was  extracted  from  the  recovered  solid  using  acetonitrile  as 
described  above.  The  kinetics  experiments  were  conducted 
in  triplicate. 

Sorption-Desorption  Isotherms 

Aqueous  CL-20  solutions  were  prepared  to  give  initial 
CL-20  concentrations  ranging  from  0.5  to  3.5  mg  LA  Iso¬ 
therms  were  measured  using  SSL,  VT,  FSB,  FS,  and  GS  soils. 
Sorption  experiments  were  conducted  over  a  period  of  65  h 
for  SSL,  FS,  and  VT  soils,  and  72  h  for  FSB  and  GS  soils, 
while  desorption  experiments  were  conducted  over  a  period 
of  24  h  (SSL  and  VT  soils)  and  48  h  (FSB,  FS,  and  GS  soils). 
Following  the  general  procedure  described  above,  six  repli¬ 
cates  were  used  for  each  concentration.  Three  were  extracted 
with  acetonitrile  immediately  after  sorption  and  the  others 
were  extracted  after  desorption.  As  a  result,  triplicate  mea- 
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surements  were  obtained  at  each  concentration  for  both  the 
sorption  and  desorption  steps.  Blanks  containing  the  same 
amount  of  soil  and  volume  of  water  were  subjected  to  the  same 
test  procedure  for  all  soils.  No  interfering  peaks  were  detected. 

All  sorption  and  desorption  data  were  fitted  to  the  linear 
(Eq.  [1])  and  Freundlich  (Eq.  [2])  equations: 

xlm  =  KdC  [1] 

xlm  =  KrCUn  [2] 

where  xlm  is  the  mass  of  solute  sorbed  per  unit  mass  at  equilib¬ 
rium  (mg  kg-1),  C  is  the  aqueous  phase  concentration  of  solute 
at  equilibrium  (mg  L-1),  Kd  is  the  distribution  coefficient 
(L  kg-1),  K¥  is  the  Freundlich  constant  that  gives  a  measure 
of  the  adsorbent  capacity  (mg1-1,n  kg-1  Ll;"),  and  1  In  gives  a 
measure  of  the  intensity  of  sorption.  Because  the  value  of  K¥ 
depends  on  the  value  of  1  In  for  a  given  sample,  K¥  values  could 
not  be  compared  between  different  isotherms.  The  extent  of 
sorption  and  desorption  were  compared  using  the  Kd  con¬ 
stants,  denoted  and  K$  for  sorption  and  desorption,  respec¬ 
tively.  Although  the  Kd  values  varied  with  sorbate  concentra¬ 
tion  for  samples  that  exhibited  a  high  level  of  nonlinearity, 
we  treated  the  linear  model  as  providing  average  Kd  constants 
that  were  representative  of  the  sorption  processes  for  each 
soil.  These  average  values  were  used  to  determine  the  Koc 
values  (Koc  =  XjS//0C,  where  /oc  represents  the  fraction  of  or¬ 
ganic  carbon). 

Behavior  of  CL-20  in  Alkaline  Soils 

The  effect  of  pH  on  the  stability  of  CL-20  in  soil  was  studied 
either  by  artificially  adjusting  the  pH  of  VT  soil  suspensions 
or  by  using  naturally  alkaline  soils.  In  the  case  of  VT  soil,  the 
dried  soil  (1.34  g)  was  contacted  for  2  h  with  5  mL  of  water 
containing  the  amount  of  HC1  or  NaOH  required  to  obtain 
a  final  pH  ranging  from  3  to  9.  After  adding  5  mL  of  an 
aqueous  solution  of  CL-20  (3.5  mg  L-1),  the  slurries  were 
agitated  for  65  h.  They  were  then  centrifuged  for  30  min  at 
1170  X  g  and  the  pH  was  measured  in  the  supernatant.  The 
latter  was  then  filtered  through  a  Millex-HV  0.45-pm  filter, 
diluted  using  acetonitrile  acidified  to  a  pH  of  3  (with  I I2S04), 
and  analyzed  by  HPLC.  Potential  CL-20  products  (nitrite, 
nitrate,  and  formate  ions)  were  quantified  in  the  most  alkaline 
samples  as  described  below.  All  the  soil  pellets  were  extracted 
with  acetonitrile  to  calculate  a  total  percent  recovery  of  CL-20. 

In  the  naturally  alkaline  soils,  10  mL  of  a  CL-20  solution 
(3.5  mg  L-1)  and  1.34  g  of  the  sterile  SAC  (pH  =  8.1)  soil 
or  sterile  CSS  (pH  =  8.1)  soil  were  agitated  in  borosilicate 
centrifuge  tubes,  using  a  wrist-action  shaker  at  430  rpm.  At 
various  time  intervals,  tubes  were  removed,  and  after  centrifu¬ 
gation  for  30  min  at  1170  X  g ,  the  pH  was  measured  in  the 
supernatant  and  the  latter  was  filtered.  The  filtrates  collected 
after  discarding  the  first  3  mL  were  diluted  using  acidified 
acetonitrile  and  analyzed  by  HPLC.  The  degradation  products 
of  CL-20,  nitrite,  nitrate,  and  formate  ions  were  quantified  as 
described  below  in  the  14-d  samples  as  well  as  in  controls 
(sterile  soil  and  water  without  CL-20)  stirred  for  14  d  under 
similar  conditions.  The  soils  were  extracted  with  acetonitrile 
and  a  total  recovery  was  calculated  for  CL-20.  For  comparison, 
a  similar  experiment  was  conducted  with  sterile  VT  soil 
(pH  =  5.6). 

Analytical  Methods 

All  CL-20  standards  and  samples  were  prepared  in  acidified 
(pH  =  3)  mixtures  of  50:50  CH3CN  to  H20  since  acidification 
prevented  CL-20  degradation.  Dissolved  soil  organic  matter 


or  clay  mineral  that  precipitated  from  solution  at  a  pH  of  3 
were  separated  by  centrifugation  for  10  min  at  16  000  X  g 
with  an  Eppendorf  (Hamburg,  Germany)  Centrifuge  5415D. 
The  supernatant  was  subsequently  analyzed  by  HPLC. 

CL-20  analysis  was  performed  by  HPLC  using  a  chromato¬ 
graphic  system  (ThermoFinnigan,  San  Jose,  CA)  composed 
of  a  Model  P4000  pump,  a  Model  AS3000  injector,  including 
temperature  control  for  the  column,  and  a  Model  UV6000LP 
photodiode-array  detector.  The  injection  volume  was  50  p,L. 
The  separation  was  completed  on  a  Supelcosil  LC-CN  column 
(25  cm,  4.6  mm,  5|xm;  Supelco,  Bellefonte,  PA)  maintained 
at  35°C.  The  mobile  phase  (70%  aqueous  methanol)  was  run 
isocratically  at  1  mL  min-1  for  the  entire  run  time  of  14  min. 
Chromatograms  were  extracted  at  a  wavelength  of  230  nm 
and  quantified  using  peak  areas  of  external  standards. 

Nitrate  (N03- )  and  formate  (HCOO-)  ions  were  quantified 
by  ion  chromatography  (IC)  equipped  with  a  conductivity 
detector  as  described  elsewhere  (Monteil-Rivera  et  al.,  2004). 
Analysis  of  nitrite  (N02- )  ions  was  performed  colorimetrically 
after  producing  the  diazonium  salt  as  described  in  USEPA 
Method  354.1  (USEPA,  1979). 

RESULTS  AND  DISCUSSION 
Sorption-Desorption  Kinetics 

Kinetics  experiments  were  performed  using  VT  (2.3% 
TOC)  and  GS  (34%  TOC)  soils  to  determine  the  mini¬ 
mum  time  required  to  reach  sorption  and  desorption 
equilibria.  The  sorption  experiments  revealed  different 
behavior  in  both  soils  (Fig.  2).  For  GS  soil,  a  rapid 
sorption  occurred  with  maximal  sorption  (94%)  reached 
within  1.5  h,  while  VT  soil  yielded  a  slower  sorption, 
with  approximately  200  h  being  required  to  attain  sorp¬ 
tion  equilibrium  (60%  sorption).  In  the  case  of  VT  soil, 
a  fast  initial  adsorption  was  followed  by  a  slower  migra¬ 
tion  and  diffusion  of  the  CL-20  into  the  soil  matrix. 
These  results  show  that  the  sorbing  sites  present  in  GS 
soil  were  more  readily  accessible  than  those  present 
in  VT  soil,  suggesting  that  different  types  of  sites  are 
involved  in  CL-20  immobilization  by  soils.  No  informa¬ 
tion  is  yet  available  on  the  sorption  and  desorption 
kinetics  of  CL-20  onto  soils,  but  for  the  monocyclic 
nitramines  RDX  and  HMX,  a  rapid  sorption  was  re¬ 
ported  to  occur  in  less  than  24  h  for  each  compound  in 
different  soils,  including  VT  soil  (Xue  et  al.,  1995;  Myers 
et  al.,  1998;  Sheremata  et  al.,  2001;  Monteil-Rivera  et 
al.,  2003).  The  slower  sorption  of  CL-20  onto  the  VT 
soil  is  indicative  of  a  different  sorption  mechanism  for 
CL-20  than  for  RDX  and  HMX. 

Desorption  equilibria  were  achieved  in  less  than  1 
and  20  h  for  GS  and  VT  soils,  respectively  (Fig.  2).  As 
was  the  case  for  sorption,  desorption  of  CL-20  from  VT 
soil  was  probably  delayed  by  the  need  for  the  chemical 
to  diffuse  through  the  soil  structure. 

CL-20  Sorption-Desorption  Isotherms 

Sorption  and  desorption  isotherms  of  CL-20  in  vari¬ 
ous  soils  are  presented  in  Fig.  3  for  the  SSL,  VT,  FSB, 
FS,  and  GS  soils.  Since  no  microbial  growth  inhibitor 
was  added  to  the  media  and  nonsterile  soils  were  used, 
some  degradation  of  CL-20  was  observed  (2-16%  de¬ 
pending  on  the  soil  used;  Table  2)  during  the  time  frame 
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Fig.  2.  Sorption  and  desorption  kinetics  for  CL-20  with  sandy  agricul¬ 
tural  topsoil  from  Varennes,  QC,  Canada  (VT)  and  sandy  garden 
soil  obtained  from  a  local  supplier  (GS).  For  desorption,  y  axis 
represents  the  amount  of  sorbed  CL-20  that  desorbs.  Error  bars 
represent  the  standard  deviations  of  three  replicates. 

of  the  sorption-desorption  isotherms  (about  one  week). 
To  account  for  CL-20  degradation,  the  amount  of  sorbed 
CL-20  was  determined  by  extracting  the  soil  with  aceto¬ 
nitrile,  rather  than  estimating  it  by  difference  from  the 
aqueous  concentration. 

Non-linear  regression  procedures  using  Origin  soft¬ 
ware  (Microcal,  1999)  were  used  for  fitting  Freundlich 
and  linear  (1  In  set  equal  to  1)  isotherms  to  the  sorption 
data.  Values  of  the  resulting  parameters  for  the  two 
models  along  with  the  r 2  values  are  presented  in  Table  2 
and  theoretical  curves  resulting  from  the  Freundlich 
model  are  presented  in  Fig.  3.  All  sorbents  exhibited 
nonlinear  isotherms,  with  1  In  values  ranging  from  0.49 
to  0.94.  The  r  values  show  that  the  Freundlich  model 
fitted  the  equilibrium  sorption  data  better  than  did  the 
linear  model.  Moreover,  the  linear  model  was  not  appro¬ 
priate  for  describing  FSB  and  GS  soils  ( r 2  <  0.7).  The 
general  nonlinearity  of  the  isotherms  observed  in  this 
study  indicates  that  CL-20  sorption  to  soil  occurs 
through  interactions  with  different  classes  of  sites  having 
different  sorption  energies  (Weber  and  DiGiano,  1996). 

Table  2  clearly  shows  that  sorption  was  significantly 
higher  in  the  FS  (Kd  =  311  L  kg”1),  GS  (Kd  =  187  L 
kg-1),  and  FSB  (Kd  =  37  L  kg-1)  soils  than  in  the  VT 
(Kd  =  15.1  L  kg-1)  and  SSL  (Kd  =  2.4  L  kg-1)  soils. 


Fig.  3.  Sorption-desorption  isotherms  for  CL-20  in  nonsterile  Sassa¬ 
fras  sandy  loam  (SSL);  sandy  agricultural  topsoil  from  Varennes, 
QC,  Canada  (VT);  sandy  forest  soil  from  Boucherville,  QC,  Canada 
(FSB);  sandy  garden  soil  obtained  from  a  local  supplier  (GS);  and 
sandy  forest  soil  provided  by  a  local  supplier  (FS)  at  ambient 
temperature.  Sorption  is  denoted  by  tilled  symbols  and  solid  lines; 
desorption  by  hollow  symbols  and  dashed  lines.  For  clarity,  data 
obtained  with  soils  having  a  high  affinity  for  CL-20  (top)  are  pre¬ 
sented  separately  from  data  obtained  with  soils  having  a  low  affinity 
for  CL-20  (bottom). 

The  higher  Kd  (and  Kv)  values  obtained  in  soils  with 
higher  organic  content  suggest  that  soil  organic  matter 
plays  a  determining  role  in  CL-20  sorption.  This  result 
demonstrates  a  major  difference  in  behavior  between 
CL-20  and  the  two  monocyclic  nitramines,  RDX  and 
HMX,  whose  sorption  onto  soil  was  previously  demon¬ 
strated  to  be  independent  of  organic  content  (Leggett, 
1985;  Sheremata  et  al.,  2001;  Brannon  et  ah,  2002;  Mon- 
teil-Rivera  et  ah,  2003).  The  higher  log  K„„.  measured  for 
CL-20,  compared  with  that  of  RDX  and  HMX  (Fig.  1; 
Monteil-Rivera  et  ah,  2004),  demonstrates  a  higher  hy- 
drophobicity  of  the  former,  which  is  probably  responsi¬ 
ble  for  its  superior  affinity  toward  soils  with  high  organic 
content.  Numerous  relationships  based  on  Eq.  [3]  have 
been  developed  between  soil  sorption  coefficients  ( Koc ) 
and  //-octanol-watcr  coefficients  (Kow)\ 

log  Koc  =  m  log  Xow  +  b  [3] 

where  m  and  b  are  parameters  extracted  from  linear 
regressions.  To  predict  a  Koc  value  from  a  Xow  value,  a 
reasonable  similarity  should  be  ensured  between  the 
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Table  2.  Isotherm  parameters,  organic-carbon-normalized  sorption  coefficient  (l£oc),  and  recoveries  for  CL-20  sorption  and  desorption 
by  various  soils. 


Soilf 

Experiment 

Freundlich  fitting 

Linear  fitting 

K„c 

Recovery§ 

lint 

r2 

K,± 

r2 

mg1 -i*.  kg  i  U'» 

L  kg  1 

L  kg  1 

% 

SSL 

sorption 

2.57  ±  0.11 

0.94  ±  0.04 

0.983 

2.43  ±  0.04 

0.981 

736 

97.0  ±  2.3 

desorption 

4.22  ±  0.15 

0.89  ±  0.07 

0.956 

4.43  ±  0.11 

0.947 

VT 

sorption 

15.53  ±  0.50 

0.87  ±  0.08 

0.948 

15.06  ±  0.42 

0.928 

655 

97.3  ±  2.8 

desorption 

25.09  ±  1.27 

1.09  ±  0.11 

0.932 

24.14  ±  0.65 

0.929 

FSB 

sorption 

23.76  ±  2.03 

0.57  ±  0.06 

0.884 

36.86  ±  2.26 

0.667 

230 

98.5  ±  8.2 

desorption 

27.86  ±  5.27 

0.59  ±  0.11 

0.716 

48.81  ±  3.38 

0.569 

GS 

sorption 

54.83  ±  8.57 

0.49  ±  0.06 

0.867 

187.43  ±  13.73 

-0.027 

551 

92.6  ±  5.8 

desorption 

54.31  ±  11.07 

0.50  ±  0.08 

0.834 

190.59  ±  13.71 

0.150 

FS 

sorption 

232.52  ±  71.31 

0.90  ±  0.10 

0.904 

310.84  ±  9.37 

0.895 

1554 

84.3  ±  11.0 

desorption 

75.98  ±  16.47 

0.53  ±  0.07 

0.873 

330.84  ±  21.95 

0.402 

f  SSL,  Sassafras  sandy  loam;  VT,  sandy  agricultural  topsoil  from  Varennes,  QC,  Canada;  FSB,  sandy  forest  soil  from  Boucherville,  QC,  Canada;  GS, 
sandy  garden  soil  obtained  from  a  local  supplier;  FS,  sandy  forest  soil  provided  by  a  local  supplier. 

$  For  these  columns,  values  following  the  ±  sign  are  standard  errors.  The  term  KF  is  the  Freundlich  coefficient,  while  KA  is  the  distribution  coefficient. 

§  Average  percent  recovery  of  CL-20  for  all  sorption-desorption  samples  in  one  soil,  as  determined  by  adding  the  amount  of  sorbed  CL-20  to  the  amount 
of  CL-20  present  in  the  aqueous  phase.  Error  denotes  standard  deviation  ( n  =  36  for  SSL,  VT,  and  FSB  soils;  n  =  24  for  GS  soil;  n  =  29  for  FS  soil). 


solute  molecule  of  interest  and  the  family  of  compounds 
used  to  establish  the  data  set  on  which  m  and  b  are 
based  (Sabljic  et  al.,  1995).  No  correlation  is  currently 
available  in  the  literature  for  nitramines,  but  by  applying 
the  general  model  given  by  Sabljic  et  al.  (1995)  for 
nonhydrophobic  chemicals  [defined  as  chemicals  con¬ 
taining  atoms  other  than  C,  H,  and  halogens  (m  =  0.52; 
b  =  1.02)],  a  Koc  value  of  104  L  kg-1  was  calculated  for 
CL-20.  The  fact  that  this  theoretical  value  is  inferior  to 
all  those  measured  in  the  present  study  (see  Table  2), 
coupled  with  the  fact  that  the  Koc  values  measured  varied 
by  almost  one  order  of  magnitude,  confirms  that  CL-20 
adsorption  onto  organic  matter  is  not  limited  to  a  pure 
physical  distribution  process,  as  suggested  by  the  nonlin¬ 
ear  isotherms.  Therefore,  the  type,  and  not  just  the 
amount,  of  organic  matter  present  in  soils  is  a  determin¬ 
ing  factor  in  the  immobilization  of  CL-20. 

A  sorption-desorption  hysteresis  (K°  >  K%)  was  ob¬ 
served  for  the  SSL  and  VT  soils  (Fig.  3,  Table  2),  while 
sorption  to  the  FS  and  GS  soils  appeared  to  be  fully 
reversible  (K"  approximately  equal  to  K%).  Meanwhile, 
the  large  divergence  observed  on  the  measurements 
performed  with  FSB  soil  made  it  hard  to  ascertain 
whether  or  not  this  soil  gave  rise  to  a  sorption  hysteresis. 
Flysteresis  phenomena  can  be  caused  by  organic  matter 
or  mineral  constituents  of  soil.  We  assessed  the  sorption 
of  CL-20  onto  silica,  ferric  oxide,  and  three  different  clays 
(Table  3).  Clays  have  been  shown  to  play  a  determining 
role  in  the  sorption  of  RDX  and  HMX  (Brannon  et  al., 
2002);  when  HMX  was  adsorbed  on  montmorillonite 
under  similar  conditions,  a  Kl  value  of  15.6  L  kg-1  was 


Table  3.  Sorption  and  stability  of  CL-20  with  minerals. 


Mineral 

pH 

Recovery^ 

Silica 

6.0 

L  kg  1 

0.35  ±  0.05 

% 

89.4  ±  0.9 

Fe203 

5.9 

approximately  0 

93.6  ±  1.0 

Montmorillonite 

2.4 

0.62  ±  0.07 

99.9  ±  1.6 

Kaolinite 

5.4 

0.14  ±  0.04 

95.7  ±  0.3 

uiiic 

5.4§ 

0.30  ±  0.04 

97.8  ±  0.5 

f  Distribution  coefficient  for  sorption  (mean  ±  SD,  n  =  3). 

$  Average  percent  recovery  of  CL-20  determined  after  adding  the  amount 
of  sorbed  CL-20  to  the  amount  of  CL-20  present  in  the  aqueous  phase 
(mean  ±  SD,  n  =  3). 

§  After  adjustment  with  HC1. 


measured.  The  data  presented  in  Table  3  demonstrate 
that  CL-20  has  a  low  tendency  to  adsorb  on  any  of  the 
mineral  phases,  and  that  it  adsorbs  much  less  on  clay 
than  do  RDX  and  HMX.  Based  on  FTIR  measurements, 
Boyd  et  al.  (2001)  suggested  that  nitro-containing  com¬ 
pounds  are  strongly  retained  by  complexation  between 
metals  in  clay  minerals  (e.g.,  K+)  and  -NO*  groups.  With 
six  -N02  groups,  CL-20  contains  more  sites  capable  of 
interacting  with  such  metals  compared  to  RDX  (three 
-N02)  and  HMX  (four  -N02).  However,  its  polycyclic 
caged  structure  makes  CL-20  a  bulkier  compound  [ap¬ 
proximately  6-7  A  in  diameter,  as  estimated  from  crys¬ 
tallographic  data  (Zhao  and  Shi,  1996)]  that  is  unable  to 
migrate  into  the  clay  layers  [3-9  A  for  a  montmorillonite, 
approximately  5  A  for  a  smectite  (Brindley,  1981)].  Given 
the  small  contribution  of  mineral  phases  in  CL-20  reten¬ 
tion,  the  hystereses  observed  with  VT  and  SSL  soils 
were  probably  caused  by  the  organic  content  of  soil. 

The  full  CL-20  recoveries  we  obtained  on  sonicating 
the  sorbed  soils  in  acetonitrile  ruled  out  the  formation 
of  covalent  bonds  between  CL-20  and  organic  matter 
as  the  reason  for  the  hysteresis.  Weber  et  al.  (1998) 
previously  suggested  that  the  form  of  the  soil  organic 
matter  played  a  critical  role  in  the  hystereses  observed 
in  the  sorption-desorption  behavior  of  hydrophobic  or¬ 
ganic  compounds  such  as  phenanthrene.  Humic  acids, 
with  their  large  microporosities,  allow  for  fast  interac¬ 
tion  with  water,  thus  producing  a  reversible  sorption.  In 
contrast,  condensed  organic  matter  presents  physically 
rigid  zones  that  interact  poorly  with  water  and  tend  to 
trap  any  molecules  sorbed  within  it,  producing  a  sorp¬ 
tion-desorption  hysteresis  (Weber  et  al.,  1998).  The 
hystereses  observed  in  the  present  study  could  therefore 
have  arisen  from  an  entrapment  of  CL-20  in  condensed 
organic  matter.  However,  a  matrix  change  that  could 
occur  from  the  sorption  to  the  desorption  step  to  give 
access  to  sites  with  higher  sorbing  capacity  in  the  desorp¬ 
tion  batch  should  not  be  excluded. 

Behavior  of  CL-20  in  Alkaline  Soils 

The  ability  of  CL-20  to  be  significantly  sorbed  to 
soils  containing  organic  matter  was  demonstrated  in 
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Fig.  4.  Percent  recovery  of  CL-20  after  65  h  of  agitation  at  different 
pH  values  and  ambient  temperature,  in  presence  or  absence  of 
nonsterile  sandy  agricultural  topsoil  from  Yarennes,  QC,  Can¬ 
ada  (VT). 

the  previous  section.  Given  the  previously  established 
tendency  of  CL-20  to  undergo  rapid  hydrolysis  under 
alkaline  conditions  (pH  =  10)  (Balakrishnan  et  al., 
2003),  an  investigation  into  the  effect  of  soils  on  the 
hydrolysis  process  was  deemed  worthwhile.  To  generate 
a  pH  profile  of  CL-20  stability  in  soil,  we  adjusted  the 
pH  of  VT  soil  and  contacted  it  with  CL-20  solution  for 
65  h.  Below  a  pH  of  7.5,  percent  recoveries  remained 
approximately  constant  at  approximately  100%,  while 
above  a  pH  of  7.5,  CL-20  degraded  (Fig.  4).  Analyses 
of  degradation  products  in  the  most  alkaline  soil  samples 
showed  that  CL-20  disappearance  was  accompanied  by 
the  formation  of  NOi"  and  HCOO-.  The  fact  that  degra¬ 
dation  was  observed  in  soils  with  a  pH  of  >7.5  indicates 
that  CL-20  will  not  persist  in  natural  alkaline  soil  envi¬ 
ronments.  In  aqueous  control  samples  of  CL-20  (Fig.  4), 
degradation  was  observed  at  a  pH  of  >7.5  and  was 
complete  at  a  pH  of  >8.1.  The  greater  extent  of  degrada¬ 
tion  observed  in  the  control  solutions  than  in  the  soils 
at  a  pH  of  >8  suggests  that  to  a  certain  extent,  the 
presence  of  soil  protects  CL-20  against  decomposition. 

Since  CL-20  significantly  degraded  when  we  increased 
the  pH  of  VT  suspensions,  the  behavior  of  CL-20  was 
followed  over  time  in  two  sterile,  naturally  alkaline  soils. 
After  14  d  of  contact  with  sterile  SAC  and  sterile  CSS 
soils  (pH  =  8.1),  100  and  82%  of  the  CL-20  degraded, 
respectively,  compared  with  only  8%  loss  in  sterile  VT 
soil  (pH  =  5.6)  (Fig.  5).  Clearly,  CL-20  is  not  stable  in 
alkaline  soils.  Degradation  in  the  naturally  alkaline  soils 
produced  two  equivalents  of  nitrite  (NOP )  for  each  mole 
of  CL-20  reacted,  exactly  as  observed  for  the  aqueous 
alkaline  hydrolysis  of  CL-20  at  a  pH  of  10  (Balakrishnan 
et  al.,  2003).  Despite  the  equivalent  pH  values  of  both 
soils,  CL-20  degraded  faster  in  SAC  soil  than  it  did  in 
CSS  soil.  The  SAC  soil  contains  very  low  amounts  of 
the  two  most  active  sorbents  in  soils  (0.1%  clay  and 
0.08%  TOC),  whereas  CSS  soil  contains  clay  (44.5%) 
and  organic  carbon  (0.31%).  As  a  result,  CL-20  did  not 
sorb  onto  SAC  soil  ( K jj  =  approximately  0  L  kg-1)  and 
was  thus  not  protected  from  degradation.  In  contrast, 
the  slight  sorption  to  CSS  soil  ( =  1.0  ±  0.3  L  kg-1, 


Fig.  5.  Stability  of  CL-20  in  sterile  soils  having  various  pH  values  (clay 
soil  from  St.  Sulpice,  QC,  Canada  [CSS]  and  sandy  soil  provided  by 
Agriculture  Canada  [SAC],  pH  =  8.1;  sandy  agricultural  topsoil 
from  Varennes,  QC,  Canada  [VT],  pH  =  5.6).  Error  bars  represent 
the  standard  deviations  of  three  replicates. 

n  =  24)  retarded  CL-20  hydrolysis.  Therefore,  sorption 
retarded  the  hydrolysis  of  the  energetic  chemical  but 
did  not  prevent  it. 

CONCLUSIONS 

This  study  reveals  that  CL-20  can  be  highly  retained 
by  soils.  In  contrast  to  the  monocyclic  nitramines,  RDX 
and  HMX,  which  are  mainly  adsorbed  by  the  clay  frac¬ 
tion  of  soil,  CL-20  affinity  for  soil  is  governed  by  the 
organic  content  of  soil,  and  only  a  small  fraction  of 
the  energetic  chemical  is  actually  bound  to  the  mineral 
phase.  Even  though  sorption  to  soils  retards  abiotic  deg¬ 
radation,  CL-20  readily  decomposes  in  natural  soils 
where  pH  is  >7.5  suggesting  that,  unlike  RDX  and 
HMX,  CL-20  will  not  be  a  persistent  organic  pollutant 
in  even  slightly  alkaline  soils.  As  a  result,  the  identifica¬ 
tion  of  intermediates  and  final  products  in  the  degrada¬ 
tion  of  CL-20  is  of  paramount  importance  to  fully  define 
the  environmental  impact  of  this  nitramine  explosive. 
The  identification  of  products  resulting  from  CL-20  de¬ 
composition  constitutes  the  focus  of  ongoing  studies  in 
our  laboratory. 
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CL-20  (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane)  (C6H6N12012),  a  future-generation  high- 
energy  explosive,  is  biodegradable  by  Pseudomonas  sp.  strain  FA1  and  Agrobacterium  sp.  strain  JS71;  however, 
the  nature  of  the  enzyme(s)  involved  in  the  process  was  not  understood.  In  the  present  study,  salicylate  1-mono- 
oxygenase,  a  flavin  adenine  dinucleotide  (FAD) -containing  purified  enzyme  from  Pseudomonas  sp.  strain  ATCC 
29352,  biotransformed  CL-20  at  rates  of  0.256  ±  0.011  and  0.043  ±  0.003  nmol  min-1  mg  of  protein-1  under 
anaerobic  and  aerobic  conditions,  respectively.  The  disappearance  of  CL-20  was  accompanied  by  the  release  of 
nitrite  ions.  Using  liquid  chromatography/mass  spectrometry  in  the  negative  electrospray  ionization  mode,  we 
detected  a  metabolite  with  a  deprotonated  mass  ion  [M  —  H]_  at  345  Da,  corresponding  to  an  empirical  formula 
of  C6H6N10O8,  produced  as  a  result  of  two  sequential  N  denitration  steps  on  the  CL-20  molecule.  We  also  detected 
two  isomeric  metabolites  with  [M  —  H]  “  at  381  Da  corresponding  to  an  empirical  formula  of  C6H10N10O10. 
The  latter  was  a  hydrated  product  of  the  metabolite  C6H6N10Os  with  addition  of  two  H20  molecules,  as  con¬ 
firmed  by  tests  using  lsO-labeled  water.  The  product  stoichiometry  showed  that  each  reacted  CL-20  molecule 
produced  about  1.7  nitrite  ions,  3.2  molecules  of  nitrous  oxide,  1.5  molecules  of  formic  acid,  and  0.6  ammonium 
ion.  Diphenyliodonium-mediated  inhibition  of  salicylate  1-monooxygenase  and  a  comparative  study  between 
native,  deflavo,  and  reconstituted  enzyme(s)  showed  that  FAD  site  of  the  enzyme  was  involved  in  the  biotrans¬ 
formation  of  CL-20  catalyzed  by  salicylate  1-monooxygenase.  The  data  suggested  that  salicylate  1-monooxy¬ 
genase  catalyzed  two  oxygen-sensitive  single-electron  transfer  steps  necessary  to  release  two  nitrite  ions  from 
CL-20  and  that  this  was  followed  by  the  secondary  decomposition  of  this  energetic  chemical. 


CL-20  (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaiso- 
wurtzitane)  is  a  high-energy  polycyclic  nitramine  compound 
with  a  rigid  caged  structure  (25)  (Fig.  1).  Due  to  its  superior 
explosive  properties,  it  may  replace  the  conventionally  used 
explosives  such  as  hexahydro-l,3,5-trinitro-l,3,5-triazine 
(RDX),  octahydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine  (HMX) 
and  2,4,6-trinitrotoluene  (TNT)  (Fig.  1)  in  the  future.  The  en¬ 
vironmental,  biological,  and  health  impacts  of  CL-20  and  its 
metabolic  products  are  not  known.  Severe  environmental  con¬ 
tamination  (7,  12,  24)  and  biological  toxicity  (21,  30,34,  36)  as 
a  result  of  the  widespread  use  of  monocyclic  nitramine  explo¬ 
sives  such  as  RDX  and  HMX  have  been  well  documented.  The 
U.S.  Environmental  Protection  Agency  has  recommended  a 
lifetime  health  advisory  for  RDX  (9)  and  HMX  (23).  It  is  likely 
that  due  to  its  structural  similarity  to  RDX  and  HMX,  CL-20 
(Fig.  1)  may  also  cause  similar  environmental  problems  in  soil, 
sediment,  and  groundwater.  Therefore,  the  biodegradation  of 
CL-20  must  be  understood  in  order  to  determine  and  predict 
its  environmental  fate  and  impact. 

Previous  reports  of  biotransformation  and  biodegradation  of 
RDX  and  HMX  by  a  variety  of  microorganisms  and  enzymes 
have  shown  that  initial  N  denitration  led  to  ring  cleavage  and 
decomposition  (2,  3,  5,  10,  14,  28).  Trott  et  al.  (31)  reported 
aerobic  biodegradation  of  CL-20  by  the  soil  isolate  Agrobacte- 
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rium  sp.  strain  JS71,  which  utilized  CL-20  as  a  sole  nitrogen 
source  and  assimilated  3  mol  of  nitrogen  per  mol  of  CL-20. 
However,  no  information  was  provided  about  the  initial  reac¬ 
tions  involved  in  the  biodegradation  of  CL-20.  In  a  recent 
study,  we  reported  that  a  flavoenzyme(s)  from  Pseudomonas  sp. 
strain  FA1  might  have  been  responsible  for  the  biotransfor¬ 
mation  of  CL-20  via  an  initial  N-denitration  mechanism  (4); 
however,  we  did  not  detect  initial  metabolite  (s)  to  support  our 
hypothesis.  We  also  reported  the  presence  of  CL-20  biotransfor¬ 
mation  products  such  as  nitrite,  nitrous  oxide,  and  formate  (4). 

Salicylate  1 -monooxygenase  (EC  1.14.13.1),  a  flavin  adenine 
dinucleotide  (FAD)-containing  enzyme  from  Pseudomonas  sp. 
strain  ATCC  29352,  is  capable  of  catalyzing  a  variety  of  bio¬ 
chemical  reactions  (19).  The  physiological  role  of  salicylate 
1-monooxygenase  is  to  biotransform  salicylate  to  catechol  (20). 
However,  it  demonstrates  activity  against  many  other  sub¬ 
strates  such  as  o-halogenophenol  and  o-nitrophenol  (29),  ben¬ 
zoates,  and  variety  of  other  compounds  (19).  We  hypothesized 
that  CL-20,  being  an  oxidized  chemical,  might  act  as  a  sub¬ 
strate  of  salicylate  1 -monooxygenase  by  accepting  an  elec¬ 
tron^). 

In  the  present  study,  we  used  salicylate  1-monooxygenase  as 
a  model  flavoenzyme  in  experiments  to  determine  the  initial 
enzymatic  reaction(s)  involved  in  the  biodegradation  of  CL-20 
and  to  gain  insights  into  how  flavoenzyme -producing  bacteria 
biotransform  CL-20.  In  liquid  chromatography/mass  spectrom¬ 
etry  (LC/MS)  studies,  uniformly  ring-labeled  [15N]  CL-20  and 
H21sO  were  used  to  identify  the  intermediate(s)  produced 
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FIG.  1.  Molecular  structure  of  the  explosives  CL-20,  RDX,  HMX,  and  TNT. 


during  the  course  of  reaction.  Additionally,  we  studied  the 
involvement  of  the  FAD-site  of  salicylate  1-monooxygenase  in 
CL-20  biotransformation. 

MATERIALS  AND  METHODS 

Chemicals.  CL-20  (e-form  and  99.3%  purity)  and  uniformly  ring-labeled 
[15N] CL-20  (e-form  and  90.0%  purity)  were  provided  by  ATK  Thiokol  Propul¬ 
sion,  Brigham  City,  Utah.  NADH,  diphenyliodonium  chloride  (DPI),  and  flavin 
adenine  dinucleotide  (FAD)  were  purchased  from  Sigma  Chemicals,  Oakville, 
Ontario,  Canada.  Nitrous  oxide  (N20)  was  purchased  from  Scott  Specialty 
Gases,  Sarnia,  Ontario,  Canada.  H2lsO  (95%  normalized  lsO  atoms)  was  pur¬ 
chased  from  Aldrich  Chem.  Co.,  Milwaukee,  Wis.  All  other  chemicals  were  of 
the  highest  purity  grade. 

Enzyme  preparation  and  modification.  Salicylate  1 -monooxygenase  from 
Pseudomonas  sp.  strain  ATCC  29352  was  purchased  as  a  lyophilized  powder 
(protein  approximately  45%  by  the  Biuret  method)  from  Sigma  Chemicals. 
Native  enzyme  activity  against  salicylate  was  determined  as  specified  by  the 
manufacturer.  The  enzyme  was  washed  with  phosphate  buffer  (pH  7.0)  at  4°C 
using  Biomax-5K  membrane  centrifuge  filter  units  (Sigma  Chemicals)  to  remove 
preservatives  and  then  resuspended  in  the  same  buffer.  The  protein  content  was 
determined  by  using  the  bicinchoninic  acid  protein  assay  kit  from  Pierce  Chem¬ 
ical  Co.,  Rockford,  Ill. 

Apoenzyme  (deflavo  form)  was  prepared  by  removing  FAD  from  salicylate 
1 -monooxygenase  by  using  a  previously  reported  method  (32).  Reconstitution 
was  carried  out  by  incubating  the  apoenzyme  with  100  pM  FAD  in  50  mM 
potassium  phosphate  buffer  (pH  7.0)  for  1  h  at  4°C.  The  unbound  FAD  was 
removed  by  washing  the  enzyme  with  the  same  buffer,  using  Biomax-5K  mem¬ 
brane  centrifuge  filter  units. 

Biotransformation  assays.  Enzyme-catalyzed  biotransformation  assays  were 
performed  under  aerobic  as  well  as  anaerobic  conditions  by  using  6-ml  glass  vials. 
Anaerobic  conditions  were  created  by  purging  the  reaction  mixture  with  argon 
gas  for  20  min  and  by  replacing  the  headspace  air  with  argon  in  sealed  vials.  Each 
assay  vial  contained,  in  1  ml  of  assay  mixture,  CL-20  or  uniformly  ring-labeled 
[15N]CL-20  (25  pM  or  11  mg  liter-1),  NADH  (100  pM),  enzyme  preparation 
(250  pg),  and  potassium  phosphate  buffer  (50  mM;  pH  7.0).  Higher  CL-20 
concentrations  than  its  aqueous  solubility  of  3.6  mg  liter-1  (11)  were  used  to 
allow  detection  and  quantification  of  the  intermediate(s).  Reactions  were  per¬ 
formed  at  30°C.  Three  different  controls  were  prepared  by  omitting  enzyme, 
CL-20,  or  NADH  from  the  assay  mixture.  Boiled  enzyme  was  also  used  as  a 
negative  control.  NADH  oxidation  was  measured  spectrophotometrically  at  340 
nm  as  described  previously  (2).  Samples  from  the  liquid  and  gas  phases  in  the 
vials  were  analyzed  for  residual  CL-20  and  biotransformed  products. 

To  determine  the  residual  CL-20  concentrations  during  biotransformation 
studies,  the  reaction  was  performed  with  multiple  identical  vials.  At  each  time 
point,  the  total  CL-20  content  in  one  reaction  vial  was  solubilized  in  50% 
aqueous  acetonitrile  and  analyzed  by  high-pressure  liquid  chromatography 
(HPLC)  (see  below).  The  CL-20  biotransformation  activity  of  salicylate  1-mono- 
oxygenase  was  expressed  as  nanomoles  per  minute  per  milligram  of  protein 
unless  otherwise  stated. 

To  demonstrate  the  effect  of  enzyme  concentration  on  CL-20  biotransforma¬ 
tion,  a  progress  curve  was  generated  for  reactions  under  anaerobic  conditions  by 
incubating  salicylate  1 -monooxygenase  at  increasing  concentrations  (0.25  to  2.0 
mg/ml)  with  45  pM  CL-20  and  100  pM  NADH.  The  reactions  conditions  were 
the  same  as  these  described  above. 

To  determine  the  incorporation  of  water  into  the  CL-20  metabolite(s),  H2lsO 
was  mixed  with  100  mM  potassium  phosphate  buffer  (pH  7.0)  at  a  ratio  of  8:2.  All 
other  reaction  ingredients  and  conditions  were  the  same  as  those  described 
above  for  the  biotransformation  of  CL-20. 


Enzyme  inhibition  studies.  Inhibition  with  DPI,  an  inhibitor  of  flavoenzymes 
that  acts  by  forming  a  flavin-phenyl  adduct  (6),  was  assessed  by  incubating 
salicylate  1 -monooxygenase  (1  mg)  with  DPI  (0  to  0.5  mM)  at  room  temperature 
for  15  to  20  min.  After  incubation,  CL-20  biotransformation  activities  of  the 
enzyme  were  determined  by  monitoring  the  residual  CL-20  as  described  above. 

Analytical  procedures.  CL-20  and  its  intermediates  were  detected  and  ana¬ 
lyzed  with  a  Bruker  bench  top  ion  trap  mass  detector  attached  to  a  Hewlett- 
Packard  1100  series  HPLC  system  equipped  with  a  photodiode  array  detector. 
The  samples  were  injected  into  a  5-pm-pore-size  Zorbax  SB-C18  capillary  col¬ 
umn  (0.5-mm  internal  diameter  by  150  mm;  Agilent)  at  25°C.  The  solvent  system 
was  an  acetonitrile/water  gradient  (30  to  70%  [vol/vol])  at  a  flow  rate  of  15  pi/ 
min.  For  mass  analysis,  ionization  was  performed  in  the  negative  electrospray 
ionization  mode  (ES— ),  producing  mainly  deprotonated  molecular  mass  ions 
[M  —  H]-.  The  mass  range  was  scanned  from  40  to  550  Da. 

The  CL-20  concentration  was  quantified  with  an  HPLC  apparatus  connected 
to  a  photodiode  array  detector  (X.230)  as  described  previously  (4).  Nitrous  oxide 
(N20)  and  formaldehyde  (HCHO)  were  analyzed  as  previously  reported  (2,  3, 
18).  Ammonium  cations  were  analyzed  by  an  SP  8100  HPLC  system  equipped 
with  a  Waters  431  conductivity  detector  and  a  Hamilton  PRP-X200  (250  mm  by 
4.6  mm  by  10  pm)  analytical  column  as  described  previously  (17).  Formic  acid 
(HCOOH)  and  nitrite  (N02)  were  quantified  using  a  Waters  HPLC  system 
equipped  with  a  conductivity  detector  as  reported  previously  (4). 

15N-labeled  N20  (i.e.,  15N14NO)  was  analyzed  by  a  6890  gas  chromatograph 
(Hewlett-Packard  Mississauga,  Ontario,  Canada)  coupled  with  a  5973  quadru- 
pole  mass  spectrometer.  A  GS-Gas  Pro  capillary  column  (30  m  by  0.32  mm)  (J 
&  W  Scientific,  Folsom,  Calif.)  was  used  under  splitless  conditions.  The  injector 
and  mass  spectrometer  interface  (MSD)  were  maintained  at  150  and  250°C, 
respectively.  The  column  was  set  at  —  25°C  for  1.5  min  and  then  raised  to  —  10°C 
at  a  rate  of  10°C/min,  which  was  held  for  5  min.  The  MSD  was  used  in  the  scan 
mode  (electron  impact)  between  10  and  50  Da.  The  total  run  time  was  8  min,  and 
15N14NO  was  detected  at  a  retention  time  of  5.5  min  with  a  molecular  mass  of 
45  Da. 


RESULTS  AND  DISCUSSION 

Salicylate  1-monooxygenase-catalyzed  biotransformation  of 
CL-20.  Biotransformation  of  CL-20  with  a  purified  salicylate 
1 -monooxygenase  from  Pseudomonas  sp.  strain  ATCC  29352 
was  found  to  be  NADH  dependent  and  optimal  at  pH  7.0  and 
30°C  under  dark  conditions.  A  progress  curve  demonstrated  a 
linear  increase  in  CL-20  biotransformation  as  a  function  of 
enzyme  concentration  (Fig.  2).  The  rates  of  CL-20  biotrans- 
formation  were  0.256  ±  0.011  and  0.043  ±  0.003  nmol  min-1 
mg  of  protein-1  under  anaerobic  and  aerobic  conditions,  re¬ 
spectively,  indicating  the  involvement  of  an  initial  oxygen-sen¬ 
sitive  process.  On  the  other  hand,  salicylate  1 -monooxygenase 
activity  against  the  physiological  substrate  salicylate  was  580 
nmol  min-1  mg  of  protein-1  under  aerobic  conditions.  The 
low  activity  of  enzyme  against  CL-20  might  be  due  to  three 
probable  reasons.  First,  CL-20  is  a  hydrophobic  compound 
with  very  little  aqueous  solubility  (3.6  mg/liter  at  25°C)  (11), 
hence,  its  biotransformation  rate  is  limited  by  the  rate  of  mass 
transfer  from  solid  to  aqueous  phase.  In  comparison,  the  aque¬ 
ous  solubility  of  salicylate  is  about  2,000  mg/liter  at  20°C 
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FIG.  2.  Progress  curve  demonstrating  CL-20  biotransformation  as 
a  function  of  salicylate  1 -monooxygenase  concentration.  The  linear- 
regression  curve  has  a  gradient  of  15.42  and  an  r2  of  0.99.  Data  are 
means  of  results  from  triplicate  experiments,  and  error  bars  indicate 
standard  errors.  Some  error  bars  are  not  visible  due  to  their  small  size. 

(Merck  Index,  13th  ed.)  and  would  be  higher  at  30°C.  Second, 
CL-20  is  not  a  physiological  substrate  of  salicylate  1 -monooxy¬ 
genase;  hence,  it  is  expected  that  its  interaction  with  this  en¬ 
zyme  would  be  rather  slow.  Third,  CL-20  was  biotransformed 
under  anaerobic  conditions,  in  contrast  to  the  aerobic  biotrans¬ 
formation  of  salicylate. 

In  a  previous  study,  the  rates  of  CL-20  biotransformation 
with  a  flavoenzyme(s)  from  Pseudomonas  sp.  strain  FA1,  under 
anaerobic  and  aerobic  conditions,  were  0.191  ±  0.006  and 
0.041  ±  0.001  nmol  min-1  mg  of  protein-1,  respectively  (4), 
which  appear  to  be  similar  to  those  which  we  observed  in  the 
present  study.  The  total  flavin  content  in  salicylate  1-monoox¬ 
ygenase  and  the  flavoenzyme(s)  from  Pseudomonas  sp.  strain 
FA1  were  20.5  and  12.6  nmol  mg  of  protein-1,  respectively. 
Hence,  under  anaerobic  conditions,  CL-20  biotransformation 
by  the  two  enzymes  in  terms  of  their  flavin  contents  were  0.012 
and  0.015  nmol  min-1  nmol  of  flavin  moiety-1,  respectively. 
We  found  that  in  all  controls  (see  Materials  and  Methods), 
abiotic  degradation  of  CL-20  was  negligible  after  1  h  of  reac¬ 
tion  time.  The  maximum  abiotic  degradation  of  CL-20  (0.010 
±  0.001  nmol  min-1)  was  seen  in  a  control  with  NADH  under 
anaerobic  conditions,  which  was  only  4%  of  the  CL-20  degra¬ 
dation  catalyzed  by  salicylate  1-monooxygenase. 

Molecular  oxygen  (Oz)  inhibits  CL-20  biotransformation  in 
two  possible  ways:  (i)  by  competing  with  CL-20  for  accepting 
electrons  at  the  FAD  site,  since  Oz,  in  the  absence  of  substrate, 
is  known  to  accept  electrons  from  the  reduced  salicylate 
1-monooxygenase  to  produce  H202  (19),  and  (ii)  by  quenching 
an  electron  from  the  CL-20  anion  radical  (described  below), 
converting  it  back  to  the  parent  molecule  (CL-20)  and  thus 
enforcing  a  futile  redox  cycling.  Analogously,  02-mediated  in¬ 
hibition  of  RDX  anion  radical  formation  was  observed  during 
bio  transformation  of  RDX  catalyzed  by  diaphorase  (2).  Due  to 
the  inhibitory  effect  of  oxygen,  the  subsequent  experiments 
were  carried  out  under  anaerobic  conditions. 

Time  course  studies  showed  a  gradual  disappearance  of 
CL-20  at  the  expense  of  the  electron  donor  NADH  with  con¬ 
comitant  release  of  nitrite  (NOz-)  and  nitrous  oxide  (N20) 
(Fig.  3).  We  found  that  N20,  although  produced  during  later 
steps  of  CL-20  biotransformation  (described  below),  appeared 
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FIG.  3.  Time  course  study  of  NADH-dependent  biotransformation 
of  CL-20  by  salicylate  1 -monooxygenase  (1  mg)  under  anaerobic  con¬ 
ditions.  Data  for  residual  CL-20  (•),  NADH  (O),  nitrite  (▼),  and 
nitrous  oxide  (V)  are  shown.  The  data  are  means  of  results  from 
triplicate  experiments,  and  error  bars  indicate  standard  errors.  Some 
error  bars  are  not  visible  due  to  their  small  size. 


before  N02-  in  the  assay  medium,  as  shown  in  Fig.  3.  This 
could  be  explained  by  two  facts:  (i)  there  was  a  large  difference 
in  the  stoichiometries  of  nitrite  (1.7)  and  nitrous  oxide  (3.2), 
and  (ii)  the  nitrous  oxide  detection  method  (gas  chromatog¬ 
raphy  [GC]  with  electron  capture  detector)  was  much  more 
sensitive  (lowest-detection  limit,  0.022  nmol)  than  the  nitrite 
detection  method  (HPLC  conductivity  detector)  (lowest  detec¬ 
tion  limit,  5.434  nmol/ml).  Hence,  nitrous  oxide  was  detected 
as  early  as  20  min  into  the  reaction  whereas  nitrite  was  de¬ 
tected  only  after  30  min  (Fig.  3).  After  2  h  of  reaction,  each 
reacted  CL-20  molecule  consumed  about  1.9  NADH  mole¬ 
cules  and  produced  1.7  nitrite  ions,  3.2  molecules  of  nitrous 
oxide,  1.5  molecules  of  formic  acid,  and  0.6  molecule  of  am¬ 
monium  (Table  1).  Of  the  total  12  N  atoms  and  6  C  atoms  per 


TABLE  1.  Comparative  stoichiometries  of  reactants  and 
products  during  biotransformation  of  CL-20  by  the  salicylate 
1-monooxygenase  from  Pseudomonas  sp.  strain  ATCC  29352 
and  the  membrane-associated  enzyme(s)  from 
Pseudomonas  sp.  strain  FA1 


Pseudomonas  sp.  strain 
ATCC  29352fl,c 

Pseudomonas  sp. 
strain  FAlfc,c 

Reactant  or  product 

Amt 

(nmol) 

Molar  ratio  of 

reactant  to 
product  per 
reacted  CL-20 
molecule 

Amt 

(nmol) 

Molar  ratio  of 

reactant  to 
product  per 
reacted  CL-20 
molecule 

Reactants 

CL-20 

25  ±  1.4 

1.0  ±  0.05 

20  ±  1.2 

1.0  ±  0.06 

NADH 

48  ±  2.7 

1.9  ±  0.10 

90  ±  7.1 

4.5  ±  0.35 

Products 

Nitrite  (NOz-) 

43  ±  2.5 

1.7  ±  0.09 

46  ±  3.2 

2.3  ±  0.16 

Nitrous  oxide  (NzO) 

79  ±  5.3 

3.2  ±  0.21 

29  ±  1.6 

1.5  ±  0.08 

Formate  (HCOOH) 

37  ±  2.4 

1.5  ±  0.09 

34  ±  2.8 

1.7  ±  0.13 

Ammonium  (NH4+) 

15  ±  0.9 

0.6  ±  0.04 

NDrf 

ND 

a  Reaction  was  performed  at  pH  7.0  and  30°C  for  2  h  under  anaerobic  con¬ 
ditions. 

b  Data  are  from  reference  4. 
c  Data  are  mean  ±  standard  error  (n  =  3). 
d  ND,  not  determined. 
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Diphenyliodonium  (pM) 

FIG.  4.  (A)  Concentration-dependent  inhibition  of  salicylate  1- 
monooxygenase-catalyzed  biotransformation  of  CL-20  by  DPI.  (B) 
Biotransformation  of  CL-20  by  the  native  (bar  1),  deflavo  (bar  2),  and 
reconstituted  (bar  3)  salicylate  1-monooxygenase  (3).  A  100%  CL-20 
biotransformation  activity  was  equivalent  to  0.256  ±  0.011  nmol  min-1 
mg  of  protein-1.  Data  are  mean  percentages  of  CL-20  biotransforma¬ 
tion  activity  ±  standard  errors  (n  =  3). 


reacted  CL-20  molecule,  we  recovered  approximately  9  N  (as 
NOz  ,  NzO,  and  NH4+)  and  2  C  (as  HCOOH)  atoms,  respec¬ 
tively.  The  remaining  3  N  and  4  C  atoms  were  probably  present 
in  an  unidentified  product(s).  In  comparison,  a  membrane- 
associated  flavoenzyme(s)  from  Pseudomonas  sp.  strain  FA1 
produced  2.3  nitrite  ions,  1.5  molecules  of  nitrous  oxide,  and 
1.7  molecules  of  formic  acid  from  each  reacted  CL-20  mole¬ 
cule  (Table  1).  Furthermore,  during  photodegradation  of 
CL-20  at  300  nm  in  acetonitrile  aqueous  solution,  which  was 
also  initiated  by  N  denitration,  the  product  distribution  was 
similar  to  that  in  the  present  study  but  the  stoichiometry  was 
different;  i.e.,  each  reacted  molecule  of  CL-20  produced  5.0, 
5.3, 1.4,  and  0.3  molecules  of  NO,-.  HCOOH,  NH3,  and  NzO, 
respectively  (15).  The  probable  reason  for  the  higher  yields  of 
NOz  and  HCOOH  in  photolysis  of  CL-20  was  attributed  to 
the  intense  action  of  the  high-energy  wavelength  \300  (energy, 
400  kj/mol),  which  caused  rapid  cleavage  of  N-N02  and  -HC- 
NN02  bonds  in  CL-20  (15). 

Involvement  of  the  flavin-moiety  (FAD)  in  CL-20  biotrans¬ 
formation.  Salicylate  1 -monooxygenase  from  Pseudomonas  sp. 
strain  ATCC  29352  is  a  dimeric  protein  with  two  identical 
subunits,  each  of  which  has  an  approximate  molecular  mass  of 
45.5  kDa  and  contains  one  molecule  of  FAD  (33).  DPI  inhib¬ 
ited  the  biotransformation  of  CL-20  in  a  concentration-depen- 
dent  manner  (Fig.  4A).  It  is  known  that  DPI  inhibits  flavoen- 


zymes  by  the  formation  of  flavin-phenyl  adduct  (6),  which 
indicates  the  involvement  of  FAD  in  CL-20  biotransformation. 
Furthermore,  DPI  targets  flavin-containing  enzymes  that  cat¬ 
alyze  one-electron  transfer  reactions  (6,  26),  which  provided 
strong  circumstantial  evidence  that  a  one-electron  transfer 
process  was  involved  in  the  initial  reaction  that  might  have 
caused  N  denitration  of  CL-20. 

The  involvement  of  FAD  was  additionally  confirmed  by  as¬ 
saying  the  deflavo  and  reconstituted  forms  of  salicylate  1-mono¬ 
oxygenase  against  CL-20.  The  specific  activities  of  the  native, 
deflavo,  and  reconstituted  forms  of  salicylate  1-monooxygen¬ 
ase  against  CL-20  were  0.256  ±  0.011,  0.045  ±  0.003,  and 
0.183  ±  0.008  nmol  min-1  mg  of  protein-1,  respectively,  re¬ 
vealing  that  deflavo  enzyme  had  lost  about  82%  of  its  activity 
compared  to  the  native  enzyme  (Fig.  4B).  The  remaining  18% 
activity  observed  in  the  deflavo  form  was  due  to  incomplete 
removal  of  FAD  (data  not  shown),  whereas  the  reconstituted 
enzyme,  prepared  by  reconstitution  of  the  deflavo  enzyme  with 
FAD,  restored  the  CL-20  biotransformation  activity  up  to  72% 
(Fig.  4B).  The  above  results  indicate  the  direct  involvement  of 
FAD  in  biotransformation  of  CL-20. 

Free  FAD  (100  pM)  also  transformed  CL-20  in  the  presence 
of  NADH  (100  pM)  at  a  rate  of  0.035  ±  0.003  nmol  min-1; 
however,  the  biotransformation  rate  was  only  14%  of  that  of 
the  bound  FAD  present  in  native  salicylate  1-monooxygenase. 
The  above  finding  additionally  supported  the  involvement  of 
FAD  in  CL-20  biotransformation  and  suggested  that  the  flavin 
moiety  has  to  be  enzyme  bound  in  order  to  function  efficiently. 
The  involvement  of  a  flavoenzyme(s)  in  biotransformation  of 
RDX  (2)  and  HMX  (3)  via  a  one-electron  transfer  process  has 
previously  been  reported.  In  a  study  with  flavin  mononucle¬ 
otide  containing  diaphorase  from  Clostridium  kluyveri,  we  re¬ 
ported  an  oxygen-sensitive  one-electron  transfer  reaction  that 
caused  an  initial  N  denitration  of  RDX  followed  by  spontane¬ 
ous  decomposition  (2).  On  the  other  hand,  a  FAD-containing 
xanthine  oxidase  also  catalyzed  a  similar  reaction  with  HMX 
(3). 

Detection  and  identification  of  metabolites.  The  metabo¬ 
lites,  obtained  by  a  reaction  between  salicylate  1-monooxygen- 
ase  and  CL-20  (metabolite  I),  were  detected  by  their  deproto- 
nated  molecular  mass  ion  [M  —  H]-  in  LC/MS  (ES— )  studies 
and  are  listed  in  Table  2.  Intermediates  III  and  IV  appeared 
simultaneously,  with  retention  times  ( Rt )  of  8.2  and  7.5  min, 
respectively  (Fig.  5A),  but  with  the  same  [M  —  H]-  at  345  Da 
(Fig.  5C),  corresponding  to  an  empirical  formula  C6H6N10O8. 


TABLE  2.  Properties  of  metabolites  detected  and  identified  by  LC/MS  (ES— )  during  biotransformation  of  CL-20  catalyzed  by 
salicylate  1-monooxygenase  from  Pseudomonas  sp.  strain  ATCC  29352 


Metabolite0 

Retention  time 
(Rt)  (min) 

Mass  area  in  LC/MS 
(ES— )  extracted  ion- 
chromatogram6 

[M  -  H]- 

(Daf 

No.  of  nitrogen 
atoms  from 
[15N]CL-20  ring 

No.  of  oxygen 
atoms  from 

h218o 

Proposed  empirical 
formula 

hi 

8.2 

207,980 

345 

6 

0 

C6H6N10O8 

IVY/ 

7.5 

26,089 

345 

6 

0 

c6h6n10o8 

V 

12.5 

11,092 

381 

6 

2 

c6h10n10o10 

VI 

1.9 

71,672 

381 

6 

2 

c6h10n10o10 

VII 

1.7 

7,637 

293 

4 

4 

C6H10N6O8 

a  Tentative  structures  of  these  metabolites  are  shown  in  Fig.  6. 

b  All  mass  areas  of  metabolites  persisted  for  about  1.5  h  and  then  gradually  disappeared  after  2.5  h  of  reaction. 
c  Deprotonated  mass  ions. 

d  IV,  an  isomer  of  III,  was  a  minor  intermediate,  as  shown  in  Fig.  5A. 
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FIG.  5.  (A)  LC/MS  (ES— )  extracted  ion  chromatogram  of  CL-20  (I)  and  its  metabolite  (III  or  IV)  produced  by  the  reaction  of  CL-20  with 
salicylate  1-monooxygenase;  the  extracted  mass  ion  of  CL-20  was  an  adduct  mass  ion  [M  +  NOs]  at  500  Da,  and  the  deprotonated  mass  ions  [M  - 
H]~  of  CL-20  (I)  and  its  metabolite  (III  or  IV)  were  437  and  345  Da,  respectively.  (B  to  E)  LC/MS  (ES— )  spectra  of  nonlabeled  CL-20  (B),  its 
metabolite  III  or  IV  (C),  uniformly  ring-labeled  [15N]CL-20  (D),  and  its  metabolite  III  or  IV  (E)  showed  deprotonated  mass  ions  [M  —  H]  at 
437,  345,  443,  and  351  Da,  respectively. 


When  ring-labeled  [15N]CL-20  was  used  in  the  reaction,  both 
intermediates  III  and  IV  showed  a  deprotonated  molecular  ion 
[M  -  H]_  at  351  Da  (Table  2;  Fig.  5E),  indicating  that  each 
intermediate  included  the  six  nitrogen  atoms  from  the  CL-20 
ring.  Moreover,  the  use  of  H2lsO  did  not  affect  the  mass  of 
intermediates  III  and  IV.  Intermediates  III  and  IV,  previously 
observed  during  photolysis  of  CL-20  (15),  were  tentatively 
identified  as  isomers  resulting  from  the  loss  of  two  -NOz 
groups  during  the  initial  reaction(s)  between  CL-20  and  salic¬ 
ylate  1-monooxygenase.  In  the  present  study,  we  described  the 
secondary  decomposition  of  intermediate  III,  (Fig.  6).  Inter¬ 


mediate  IV,  being  an  isomer  of  III,  might  also  decompose  like 
intermediate  III. 

Several  other  products,  including  V,  VI,  and  VII,  were  also 
detected  with  Rt  at  12.5,  1.9,  and  1.7  min,  respectively,  and  with 
[M  -  H]~  at  381,  381,  and  293  Da  corresponding  to  empirical 
formulae  of  C6H10N10O10,  C6H10N10O10,  and  C6H10N6Og,  re¬ 
spectively  (Table  2).  Likewise,  when  uniformly  ring-labeled 
[15N]CL-20  was  used,  the  [M  -  H]~  of  products  V,  VI,  and 
VII  were  observed  at  387,  387,  and  297  Da,  respectively,  indi¬ 
cating  the  incorporation  of  six  1SN  atoms  into  products  V  and 
VI  and  only  four  15N  atoms  into  product  VII  (Table  2).  When 
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HCOOH  +  NH3 

FIG.  6.  Proposed  pathway  of  the  initial  biotransformation  of  CL-20  catalyzed  by  salicylate  1 -monooxygenase  followed  by  secondary  decom¬ 
position.  Nitrogen  atoms  shown  in  bold  were  actually  ring-  nitrogens  and  were  uniformly  labeled  in  [15N]  CL-20.  Secondary  decomposition  of 
intermediate  III  is  shown;  intermediate  IV  might  also  decompose  like  intermediate  III.  The  intermediate  shown  in  brackets  was  not  detected. 


the  experiment  was  repeated  with  H2lsO,  the  [M  —  H]_  of 
products  V,  VI,  and  VII  were  observed  at  385,  385,  and  301 
Da,  respectively,  indicating  the  incorporation  of  two  lsO  atoms 
into  products  V  and  VI  and  four  lsO  atoms  into  product  VII 
(Table  2).  Based  on  the  above  data,  intermediate  V  was  ten¬ 
tatively  identified  as  a  carbinol  adduct  (C6H10N10O10)  whereas 
intermediates  VI  (C6H10N10O10)  and  VII  (C6H10N6O8)  were 
identified  as  sequential  ring  cleavage  products  (Table  2,  Fig.  6). 
All  the  above  metabolites  were  transient  and  completely  dis¬ 
appeared  after  2.5  h  of  reaction. 

To  determine  the  source  of  NzO,  experiments  were  per¬ 
formed  with  uniformly  ring-labeled  [15N]CL-20.  15N14NO  was 
detected  with  a  molecular  mass  of  45  Da  by  GC-MS  analysis, 
confirming  that  of  the  two  nitrogen  atoms  in  N20,  one  was 
from  the  labeled  [15N]CL-20  ring  and  the  second  was  from  the 
unlabeled  peripheral  nitro  (-N02)  group.  We  found  that  all  of 
the  N20  in  the  present  study  was  labeled  and  produced  from 


N-NOz  groups  released  from  the  CL-20,  as  previously  sug¬ 
gested  by  Patil  and  Brill  (27).  Analogously,  N20  generation 
from  N-N02  has  also  been  reported  during  biodegradation  of 
RDX  (13)  and  HMX  (3).  In  a  previous  study,  we  reported  that 
N20,  besides  being  produced  from  N-NOz,  was  also  produced 
via  nitrite  reduction  catalyzed  by  an  enzyme  preparation  from 
Pseudomonas  sp.  strain  FA1  (4).  In  contrast,  the  present  study 
did  not  show  N20  production  through  nitrite  reduction.  For 
instance,  when  we  incubated  NaNOz  (1  mM)  with  salicylate 
1-monooxygenase  and  NADH  under  similar  reaction  condi¬ 
tions  to  those  used  for  CL-20  biotransformation,  we  did  not 
detect  NzO  during  2  h  of  reaction,  which  additionally  sup¬ 
ported  the  idea  that  N-N02  was  the  only  source  of  NzO  in  the 
present  study. 

Proposed  mechanism(s)  of  the  initial  reaction(s)  followed 
by  secondary  decomposition  of  CL-20.  Based  on  the  gradual 
appearance  of  nitrite  (Fig.  3),  reaction  inhibition  by  oxygen 
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and  DPI,  detection  of  an  initial  intermediate(s)  (Fig.  5),  and 
analogy  to  other  systems  (2,  3),  we  propose  that  salicylate 
1-monooxygenase  catalyzes  a  single -electron  transfer  to  the 
CL-20  molecule  (metabolite  I)  to  produce  an  anion-radical 
(intermediate  II)  (Fig.  6).  Spontaneous  N  denitration  of  inter¬ 
mediate  II  (i.e.,  release  of  the  first  NC)2  )  would  produce  a 
transient  N-centered  free  radical,  as  previously  proposed  dur¬ 
ing  biotransformation  (4),  thermolysis  (27)  and  photodegrada¬ 
tion  (15)  of  CL-20.  The  N-centered  free-radical,  being  unsta¬ 
ble,  must  undergo  rapid  rearrangement  by  cleavage  at  the 
weaker  C — C  bond  bridging  the  two  cyclopentanes  in  CL-20 
(35).  The  rearranged  molecule  would  accept  a  second  electron 
in  order  to  release  a  second  NOz~  to  produce  two  isomeric 
intermediates,  III  and  IV  (Table  2;  Fig.  5  and  6).  Stoichiomet- 
rically,  two  N-  denitration  steps  would  require  an  obligatory 
transfer  of  two  electrons  (equivalent  to  one  NADH  molecule); 
however,  we  found  that  1.9  NADH  molecules  were  consumed 
for  each  reacted  CL-20  molecule  (Table  1).  The  excess  of 
NADH  (i.e.,  the  remaining  0.9  molecule)  utilization  could  be 
due  to  two  possible  reasons:  (i)  some  NADH  could  bind  to  the 
enzyme  and  go  undetected,  or  (ii)  it  could  be  utilized  by  a  yet 
unidentified  CL-20  metabolite(s). 

Intermediate  III,  produced  as  a  result  of  two  N  denitration 
steps,  underwent  hydrolysis  by  the  addition  of  two  HzO  mol¬ 
ecules  across  the  two  imine  bonds  ( — C=N — )  to  produce  an 
unstable  carbinol  derivative  V,  as  confirmed  by  the  experiment 
with  H21sO  (discussed  above).  Imine  bonds  are  known  to  be 
unstable  and  to  decompose  rapidly  in  water  (22).  Hence,  V 
might  cleave  at  the  02NN — CH(OH)  bond  following  rear¬ 
rangement  to  produce  intermediate  VI,  which  has  a  similar  [M 
-  H]~  of  381  Da  to  that  of  intermediate  V  (Table  2;  Fig.  6). 
Addition  of  a  water  molecule  across  an  imine  bond  followed  by 
ring  opening  has  previously  been  detected  during  photolysis  of 
CL-20  (15)  and  RDX  (16)  and  during  cytochrome  P450-cata- 
lyzed  biotransformation  of  RDX  (5).  Stoichiometric  addition 
of  two  H20  molecules  to  intermediate  VI,  confirmed  by  the 
experiment  with  H2lsO,  produced  intermediate  VII,  with  con¬ 
comitant  release  of  two  nitramide  molecules  (NH2-N02)  (Ta¬ 
ble  2;  Fig.  6).  Intermediate  VII,  being  an  a-hydroxyalkyl  ni- 
tramine,  was  unstable  in  water  (8)  and  therefore  decomposed 
to  finally  produce  nitrous  oxide,  formic  acid,  and  ammonia,  as 
quantified  in  Table  1  and  shown  in  Fig.  6. 

In  conclusion,  we  have  provided  the  first  biochemical  evi¬ 
dence  of  the  initial  reaction(s)  involved  in  the  transformation 
of  CL-20  catalyzed  by  salicylate  1 -monooxygenase  under  an¬ 
aerobic  conditions.  The  mechanism  described  here  is  consis¬ 
tent  with  our  previous  enzymatic  studies  with  RDX  and  HMX 
(2,  3),  which  also  suggested  that  one-electron  transfer  is  nec¬ 
essary  and  sufficient  to  cause  N-  denitration  of  RDX  and 
HMX,  leading  to  their  spontaneous  decomposition.  Some  of 
the  CL-20  products  observed  in  the  present  study  are  consis¬ 
tent  with  those  reported  previously  with  respect  to  alkaline 
hydrolysis  (1),  biotransformation  (4),  and  photolysis  (15).  So 
far,  very  few  reports  are  available  with  regard  to  microbial 
degradation  of  CL-20.  For  instance,  Agrobacterium  sp.  strain 
JS71,  a  soil  isolate,  degraded  CL-20  and  assimilated  3  mol  of 
nitrogen  per  mol  of  CL-20  (31).  In  a  recent  study,  Pseudomo¬ 
nas  sp.  strain  FA1  degraded  CL-20  and  assimilated  about  4 
mol  of  nitrogen  per  mol  of  CL-20  (4).  However,  the  two  pre¬ 
vious  studies  (4,  31)  detected  no  initial  metabolite(s)  and  did 


not  describe  the  involvement  of  any  specific  enzyme  (s).  The 
present  study  thus  advances  our  understanding  of  the  initial 
steps  involved  in  biotransformation  of  CL-20  by  flavoen- 
zyme(s)-producing  bacteria.  Pseudomonas,  being  the  source  of 
salicylate  1 -monooxygenase  and  other  flavoenzymes,  seems  to 
be  a  promising  degrader  of  CL-20.  The  ubiquitous  presence  of 
Pseudomonas  and  similar  bacteria  in  environments  such  as  soil, 
marine  and  freshwater  sediments,  and  estuaries  would  there¬ 
fore  help  in  understanding  the  fate  of  CL-20  in  such  environ¬ 
ments. 
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Abstract 

Previously,  we  reported  that  a  salicylate  1-monooxygenase  from  Pseudomonas  sp.  ATCC  29352  biotransformed  CL-20 
(2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaaza-isowurtzitane)  (C6H6N12012)  and  produced  a  key  metabolite  with  mol.  wt.  346Da 
corresponding  to  an  empirical  formula  of  C6H6N10O8  which  spontaneously  decomposed  in  aqueous  medium  to  produce  N20, 
NHj ,  and  HCOOH  [Appl.  Environ.  Microbiol.  (2004)].  In  the  present  study,  we  found  that  nitroreductase  from  Escherichia  coli 
catalyzed  a  one-electron  transfer  to  CL-20  to  form  a  radical  anion  (CL-20'-)  which  upon  initial  N-denitration  also  produced  metab¬ 
olite  C6H6N10O8.  The  latter  was  tentatively  identified  as  l,4,5,8-tetranitro-l,3a,4,4a,5,7a,8,8a-octahydro-diimidazo[4,5-/>:4',5'-e]pyr- 
azine  [IUPAC]  which  decomposed  spontaneously  in  water  to  produce  glyoxal  (OHC— CHO)  and  formic  acid  (HCOOH).  The  rates 
of  CL-20  biotransformation  under  anaerobic  and  aerobic  conditions  were  3.4  ±  0.2  and  0.25  ±  0.01nmolmin-1mg  of  protein-1, 
respectively.  The  product  stoichiometry  showed  that  each  reacted  CL-20  molecule  produced  about  1.8  nitrite  ions,  3.3  molecules 
of  nitrous  oxide,  1.6  molecules  of  formic  acid,  1.0  molecule  of  glyoxal,  and  1.3  ammonium  ions.  Carbon  and  nitrogen  products  gave 
mass-balances  of  60%  and  81%,  respectively.  A  comparative  study  between  native-,  deflavo-,  and  reconstituted-nitroreductase 
showed  that  FMN-site  was  possibly  involved  in  the  biotransformation  of  CL-20. 

©  2004  Elsevier  Inc.  All  rights  reserved. 
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Anticipated  military  and  commercial  use  of  the  newly 
synthesized  energetic  chemical,  CL-20  (2,4,6,8,10,12- 
hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane),  in  the 
near  future  [1]  has  opened  the  scope  of  research  to  study 
its  environmental  fate  and  impact.  Biological  and  health 
impacts  of  CL-20  and  its  metabolic  products  are  not 
known.  There  is  one  recent  report  which  suggested  an 
acute  and  chronic  toxicity  of  CL-20  to  earthworms  ex¬ 
posed  to  amended  natural  soils  [2].  It  is  likely  that  CL- 
20  may  also  raise  similar  environmental  concerns  as 
those  experienced  with  RDX  and  HMX  [3-6]. 

Several  previous  reports  showed  that  biodegradation 
[7,8],  photodegradation  [9],  and  alkali-hydrolysis  [10]  of 
CL-20  produced  HCOOH  as  a  carbon-product  in  addi- 
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tion  to  several  nitrogen-containing  products  such  as  ni¬ 
trite,  nitrous  oxide,  and  ammonium.  For  instance,  a 
membrane-associated  flavoenzyme(s)  from  Pseudomo¬ 
nas  sp.  FA1  produced  2.3  nitrite  ions,  1.5  molecules  of 
nitrous  oxide,  and  1.7  molecules  of  formic  acid  from 
each  reacted  CL-20  molecule  [7].  Whereas,  salicylate 
1-monooxygenase  from  Pseudomonas  sp.  ATCC  29352 
produced  1.7  nitrite  ions,  3.2  molecules  of  nitrous  oxide, 
0.6  ammonium  ion,  and  1.5  molecules  of  formic  acid 
from  each  reacted  CL-20  molecule  [8].  In  both  previous 
studies  [7,8],  only  formic  acid  (2  mol  equivalents  per 
mole  of  CL-20)  was  confirmed  as  a  carbon  product  of 
CL-20.  However,  carbon  mass-balance  could  not  be 
determined  due  to  the  missing  four  mole  equivalents 
of  carbon  in  CL-20. 

More  recently,  a  new  carbon-containing  product,  gly¬ 
oxal,  was  detected  and  quantified  (2  mol  glyoxal/mol 
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Fig.  1 .  Proposed  pathway  of  CL-20  transformation  (modified  from  [1 1])  by  a  nitroreductase  from  Escherichia  coli.  Intermediate  shown  inside  bracket 
was  not  detected.  Numbering  on  carbon  products  designates  the  source  of  carbon  atoms  from  the  CL-20  molecule. 


CL-20)  during  CL-20  reaction  with  Fe(0)  under  anaero¬ 
bic  conditions  and  a  pathway  for  glyoxal  formation  was 
proposed  (Fig.  1)  [11].  Balakrishnan  et  al.  [11]  proposed 
that  CL-20'-  radical-anion  was  produced  via  a  one-elec¬ 
tron  transfer  from  Fe(0)  to  CL-20.  The  resulting  CL- 
20'-  upon  denitration  (loss  of  2NOJ)  produced  unstable 
intermediate  II  (C6H6N10O8)  and  its  isomer  III 
(C6H6N10O8).  Both  II  and  III  undergo  spontaneous 
hydrolysis  in  water  to  produce  IV  (C6HioNi0Oio)  and 
its  corresponding  isomer  (not  shown  in  Fig.  1).  The 
IV,  being  an  a-hydroxyalkyl  nitramine,  was  unstable 
in  water  [12]  and  therefore  decomposed  spontaneously 
in  water  to  produce  glyoxal  and  formic  acid  (Fig.  1). 

In  the  present  study,  we  hypothesized  that  an  oxygen- 
sensitive  nitroreductase  from  Escherichia  coli  should 
also  biotransform  CL-20  via  an  initial  denitration  to 
eventually  give  a  similar  product  distribution  as  ob¬ 
tained  with  Fe(0).  Nitroreductase  catalyzed  biotransfor¬ 
mation  of  CL-20  allowed  us  to  detect  and  quantify 
glyoxal  in  order  to  support  the  carbon  mass-balance  of 
the  reaction.  Superoxide  dismutase  (SOD)-sensitive 
cytochrome  c  reduction  experiment  was  performed  to 
determine  the  potential  formation  of  an  anion  radical 
CL-20'-  prior  to  N-denitration.  Additionally,  we  deter¬ 


mined  the  involvement  of  flavin-site  of  nitroreductase  in 
CL-20  biotransformation. 

Materials  and  methods 

Chemicals.  CL-20  (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexa- 

azaisowurtzitane)  in  £-form  and  99.3%  purity,  and  uniformly  ring-la¬ 
beled  [15N]CL-20  (£-form  and  90.0%  purity)  were  provided  by  ATK 
Thiokol  Propulsion,  Brigham  City,  UT,  USA. 

NADH.  flavin  mononucleotide  (FMN),  glyoxal  (40%  solution), 
superoxide  dismutase  (SOD,  EC  1.15.1.1,  from  E.  coli),  and  cyto¬ 
chrome  c  (from  horse  heart,  MW  12,384 Da,  purity  90%)  were  pur¬ 
chased  from  Sigma  chemicals,  Oakville,  Ont.,  Canada.  Nitrous  oxide 
(N20)  was  purchased  from  Scott  specialty  gases,  Sarnia,  Ont.,  Canada. 
All  other  chemicals  were  of  the  highest  purity  grade. 

Enzyme  preparation  and  modification.  Nitroreductase  (purity  of 
90%  by  SDS-PAGE),  from  E.  coli,  was  purchased  from  Sigma 
chemicals,  Oakville,  Ont.,  Canada.  The  enzyme  was  washed  with 
phosphate  buffer  (pH  7.0)  at  4°C  using  Biomax-5K  membrane  cen¬ 
trifuge  filter  units  (Sigma  chemicals,  Oakville,  Ont.)  to  remove  pre¬ 
servatives  and  then  re-suspended  in  the  same  buffer.  Native  enzyme 
activity  was  determined  as  per  company  guidelines.  The  protein  con¬ 
tent  was  determined  by  Pierce  BCA  ( bicinchoninic  acid)  protein  assay 
kit  from  Pierce  chemicals  company.  Rockford,  IL,  USA. 

Apoenzyme  (deflavo-form)  was  prepared  by  removing  FMN  from 
the  holoenzyme  using  a  previously  reported  method  [13],  Reconstitu¬ 
tion  was  carried  out  by  incubating  the  apoenzyme  with  100  gM  FMN 
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in  a  potassium  phosphate  buffer  (50mM,  pH  7.0)  for  1  h  at  4°C.  The 
unbound  FMN  was  removed  by  washing  the  enzyme  with  the  same 
buffer  using  Biomax-5K  membrane  centrifuge  filter  units. 

Biotransformation  assays.  Enzyme  catalyzed  biotransformation 
assays  were  performed  under  aerobic  as  well  as  anaerobic  conditions  in 
6  ml  glass  vials.  Anaerobic  conditions  were  created  by  purging  the 
reaction  mixture  with  argon  gas  for  20  min  and  by  replacing  the 
headspace  air  with  argon  in  sealed  vials.  Each  assay  vial  contained,  in 
lml  of  assay  mixture,  CL-20  or  uniformly  ring-labeled  [15N]CL-20 
(25 pM  or  IlmgL-1),  NADH  (lOOpM),  enzyme  preparation  (50pg), 
and  potassium  phosphate  buffer  (50  mM,  pH  7.0).  Higher  CL-20 
concentrations,  than  its  aqueous  solubility  of  3.6mgL-1  [14],  were 
used  in  order  to  allow  detection  and  quantification  of  the  intermedi¬ 
ate^).  Reactions  were  performed  at  30  °C.  Three  different  controls 
were  prepared  by  omitting  either  enzyme,  CL-20  or  NADH  from  the 
assay  mixture.  Heat  inactivated  enzyme  (90°C  for  30min)  was  also 
used  as  a  negative  control.  NADH  oxidation  was  measured  spectro- 
photometrically  at  340  nm  as  described  before  [8],  Samples  from  the 
liquid  and  gas  phase  in  the  vials  were  analyzed  for  residual  CL-20  and 
biotransformed  products. 

To  determine  the  residual  CL-20  concentrations  during  biotrans¬ 
formation  studies,  the  reaction  was  performed  in  multiple  identical 
vials.  At  each  time  point,  the  total  CL-20  content  in  one  reaction  vial 
was  solubilized  in  50%  aqueous  acetonitrile  and  analyzed  by  HPLC 
(see  below).  CL-20  biotransformation  activity  of  nitroreductase  was 
expressed  as  nmolmin-1mg  of  protein-1  unless  otherwise  stated. 

To  demonstrate  the  effect  of  enzyme  concentration  on  CL-20  bio¬ 
transformation,  a  progress  curve  was  made  under  anaerobic  conditions 
by  incubating  nitroreductase  at  an  increasing  concentration  (25— 
150qg/ml)  with  CL-20  (45  pM)  and  NADH  (200  pM).  The  reaction 
conditions  were  the  same  as  described  above. 

The  effect  of  molecular  oxygen  (O2)  on  CL-20  biotransformation 
activity  of  nitroreductase  was  determined  by  performing  the  assays 
under  aerobic  conditions  at  pH  7.0  and  30  °C.  Formation  of  anion- 
radical  CL-20'-  was  determined  by  incubating  CL-20  with  nitrore¬ 
ductase  in  the  presence  of  NADH,  cytochrome  c  (75  pM),  and  SOD 
(150pgml-1)  as  described  previously  [15,16],  Inhibition  of  cytochrome 
c  reduction  in  the  presence  of  SOD  was  monitored  at  550  nm. 

Analytical  procedures.  CL-20  and  its  intermediates,  N20  (14N14NO 
and  15N14NO),  HCOOH,  NO%  and  NHf ,  were  analyzed  as  described 
previously  [7,8], 

Glyoxal  was  analyzed  by  a  derivatization  method  as  described  by 
Bao  et  al.  [17]  with  some  modifications.  A  20 pi  solution  (15mgml-1) 
of  0-2,3,4,5,6-pentafluorobenzyl-hydroxylamine  hydrochloride 
(PFBHA)  was  added  to  0.5  ml  of  an  aqueous  sample  containing  CL-20 
products  and  0.5ml  acetonitrile.  pH  was  adjusted  to  3.0  with  5%  (v/v) 
of  HC1.  The  reaction  mixture  was  stirred  in  dark  for  2h  at  room 
temperature.  The  derivatized  samples  were  analyzed  with  a  LC/UV- 
MS  (Platform  LC,  Micromass.  Manchester,  UK)  at  a  wavelength  of 
250  nm  by  using  positive  electrospray  (ES+)  ionization  mode.  Separa¬ 
tion  was  performed  on  a  Supelcosil  C8  column  (25  cm  x  4.6  mm  ID, 
5  pm)  at  35  °C  using  acetonitrile:water  gradient  (acetonitrile  from  60% 
to  90%  in  10  min,  90%  to  60%  in  2  min,  and  then  60%  for  6  min)  at  a 
flow  rate  of  1  ml  min- 1 . 


Results  and  discussion 

Nitroreductase  catalyzed  bio  transformation  of  CL-20 

A  purified  nitroreductase,  from  E.  coli,  biotrans¬ 
formed  CL-20  in  a  NADH-dependent  manner  at  pH 
7.0  and  30  °C  under  anaerobic  conditions.  A  progress 
curve  demonstrated  a  linear  increase  in  CL-20  biotrans¬ 
formation  as  a  function  of  enzyme  concentration  (data 


not  shown).  The  rates  of  CL-20  biotransformation  were 
3.4  ±  0.2  and  0.25  ±  0.01  nmol  min-1  mg  of  protein-1 
(mean  ±  SD;  n  -  3)  under  anaerobic  and  aerobic  condi¬ 
tions,  respectively,  indicating  the  involvement  of  an  oxy¬ 
gen-sensitive  process.  In  all  controls  (see  Materials  and 
methods),  we  found  a  negligible  abiotic  removal  of 
CL-20  during  one  hour  of  reaction  time. 

Oxygen-sensitivity  of  the  reaction  suggested  that 
nitroreductase  catalyzed  a  one-electron  transfer  to  CL- 
20  to  first  produce  an  anion  radical  (CL-20'-)  before 
N -denitration  as  previously  reported  during  biotransfor¬ 
mation  of  CL-20  with  salicylate  monooxygenase  [8]  or 
its  reduction  with  Fe(0)  [11].  Subsequently,  we  found 
that  under  aerobic  conditions,  superoxide  dismutase 
(SOD)  inhibited  30%  of  reduction  of  cytochrome  c 
which  suggested  the  formation  of  oxygen  free-radical 
(O'-)  during  the  reaction.  Hence,  molecular  oxygen 
(02)  inhibited  CL-20  biotransformation  by  quenching 
an  electron  from  the  CL-20  anion-radical  and  convert¬ 
ing  it  back  to  the  parent  molecule  (CL-20),  and  thus 
enforcing  a  futile  redox-cycling  as  shown  in  Fig.  1.  Con¬ 
trol  experiments  without  nitroreductase  showed  that 
CL-20  was  neither  auto-oxidized  nor  it  directly  reduced 
cytochrome  c.  Analogously,  CL-mediated  inhibition  of 
RDX  anion-radical  formation  was  previously  reported 
during  biotransformation  of  RDX  with  diaphorase 
[15].  Furthermore,  the  phenomenon  of  regeneration  of 
parent  nitro-compound  during  reaction  of  nitro  anion- 
radical  with  molecular  oxygen  (02)  in  aerobic  systems 
is  well  established  [16,18-20],  Due  to  the  inhibitory  effect 
of  oxygen,  the  subsequent  experiments  were  carried  out 
under  anaerobic  conditions. 

Time-course  of  formation  of  initial  metabolite  II 
(C6H6Nj„08) 

In  LC/MS  (ES-)  studies,  we  found  two  isomeric  key 
intermediates  II  and  III  (Fig.  1)  which  appeared  simulta¬ 
neously  as  early  as  5  min  of  the  reaction  with  retention 
times  ( Rt )  of  8.2  and  7.5min,  respectively  (Fig.  2A).  A 
time-course,  considering  the  relative  HPLC-UV  areas, 
showed  that  both  intermediates  reached  their  maximum 
level  after  30  min  and  then  gradually  declined  during  the 
course  of  reaction  (Figs.  2A  and  B).  As  reported  before 
[8,9],  II  and  its  isomer  III  were  detected  by  LC/MS  with 
similar  deprotonated  molecular  mass  ion  [M-H]-  at 
345  Da  corresponding  to  an  empirical  formula  of 
C6H6N10O8  and  were  confirmed  by  using  uniformly 
ring-labeled  [I5N]CL-20.  The  product  II  was  tentatively 
identified  as  l,4,5,8-tetranitro-l,3a,4,4a,5,7a,8,8a-octa- 
hydro-diimidazo[4,5-b:4',5'-e]pyrazine  which  is  a  dou¬ 
ble-denitrated  product  of  CL-20  (Fig.  1).  Both  II  and 
III  contain  inline  bonds  ( — C—  N — )  which  are  known 
to  be  unstable  in  water  [21]  and  therefore  decompose 
rapidly  to  produce  ring-cleavage  products  (described 
below). 
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Fig.  2.  (A)  Time  course  of  formation  and  disappearance  of  key 
metabolites  II  and  III  during  biotransformation  of  CL-20  by  nitro¬ 
reductase.  Chromatograms  corresponding  to  numbers  1-3  indicate 
increasing  formation  of  metabolite  II  at  times  5,  15,  and  30  min, 
respectively,  whereas  chromatograms  4—6  indicate  disappearance  of  II 
at  times  60,  90,  and  150  min,  respectively.  Proposed  molecular 
structures  of  II  and  III  are  shown  in  Fig.  1;  (B)  Formation  and 
disappearance  of  II  in  terms  of  HPLC-UV-area  as  a  function  of  time. 

Detection  and  quantification  of  end-products  including 
glyoxal  (  OHC—CHO) 

Time-course  studies  showed  a  gradual  disappearance 
of  CL-20  at  the  expense  of  the  electron-donor  NADH 
with  concomitant  release  of  nitrite  (N02 ),  nitrous  oxide 
(N20),  and  formate  (Fig.  3).  After  3h  of  reaction,  each 
reacted  CL-20  molecule  consumed  about  1.3  NADH 
molecules  and  produced  1.8  nitrite  ions,  3.3  molecules 
of  nitrous  oxide,  1.6  molecules  of  formic  acid,  1.3 


Fig.  3.  Time-course  study  of  NADH-dependent  biotransformation  of 
CL-20  by  nitroreductase  under  anaerobic  conditions.  CL-20  (•), 
nitrite  (O),  nitrous  oxide  (▼),  and  formate  (■).  Data  are  means  ±  SE 
(n  =  2).  Some  error  bars  are  not  visible  due  to  their  small  size. 


ammonium  ions,  and  1.0  molecule  of  glyoxal  (Table  1). 
With  regard  to  glyoxal  stoichiometry,  we  expected 
2.0  mol  of  glyoxal  per  reacted  mol  of  CL-20  as  found  pre¬ 
viously  during  CL-20  reaction  with  Fe(0)  [11],  However, 
in  the  present  study,  we  could  recover  only  1  .Omol  equiv¬ 
alent  of  glyoxal  due  to  the  reason  that  glyoxal  binds  to 
the  proteins  via  a  non-enzymatic  process  called  glycation 
[22]  and  therefore  goes  undetected.  For  instance,  when 
we  incubated  glyoxal  (35  pM)  with  enzyme  (50  pg  nitro¬ 
reductase)  in  one  ml  buffer  for  2  days,  about  44%  of  gly¬ 
oxal  disappeared  and  could  not  be  recovered  either  by 
heating  (80  °C  for  1  h)  or  by  denaturing  the  enzyme  with 
acetonitrile. 

On  the  other  hand,  stoichiometry  of  NADH  versus 
nitrite  suggested  that  two  single-electron  transfer  steps 
on  CL-20  molecule  released  two  nitrite  ions.  Of  the  total 
12  nitrogen  atoms  (N)  and  6  carbons  (C)  per  reacted 
CL-20  molecule,  we  recovered  approximately  10  N  (as 
NOJ,  N20,  and  NH+)  and  4  C  (as  HCOOH  and  gly¬ 
oxal),  respectively.  The  product  distribution  gave  car¬ 
bon  and  nitrogen  mass-balance  of  60%  and  81%, 
respectively  (Table  1).  The  product  distribution  in  the 
present  study  was  very  similar,  though  with  different  rel¬ 
ative  yields,  to  those  observed  previously  during  photol¬ 
ysis  of  CL-20  [9]  and  the  CL-20  reaction  with  Fe(0)  [1 1], 
A  close  similarity  in  product  distributions  among  the 
above-investigated  biotic  and  abiotic  reactions  sug¬ 
gested  that  once  CL-20  undergoes  initial  N-denitration, 
the  subsequent  spontaneous  reactions  in  water  are  basi¬ 
cally  similar. 

We  found  that  N20,  even  though  produced  at  later 
steps  of  CL-20  biotransformation  (described  below),  ap¬ 
peared  before  N02  in  the  assay  medium  as  shown  in 
Fig.  3.  This  could  be  explained  by  two  facts,  first,  there 
was  a  large  difference  in  stoichiometries  of  nitrite  (1.8) 
and  nitrous  oxide  (3.3);  second,  nitrous  oxide  detection 
method  (GC-electron  capture  detector)  was  much  more 
sensitive  (lowest  detection  limit  of 0.022  nmol)  than  the  ni¬ 
trite  detection  method  (HPLC-conductivity  detector) 
(lowest  detection  limit  of  5.434 nmolml-1).  A  compara¬ 
tive  study  between  14N-CL-20  and  uniformly-ring-la- 
beled-[15N]CL-20  using  GC-MS  analysis  showed  that 
N-N02  groups  in  CL-20  were  the  source  of  N20,  detected 
as  14N14NO  (44  Da)  and  15N14NO  (45  Da),  respectively, 
which  is  in  accordance  with  our  previous  study  [8]. 

On  the  other  hand,  we  observed  that  formate  ap¬ 
peared  earlier  in  the  assay  medium  compared  to  glyoxal 
(data  not  shown)  which  indicated  that  formate  might 
have  been  originated  as  the  ring-cleavage  product  as  a 
result  of  initial  denitration  followed  by  rapid  cleavage 
of  the  weakest  C— C  bond  designated  as  a  in  CL-20 
structure  [23]  (Fig.  1).  Whereas,  the  source  of  glyoxal 
was  most  probably  the  other  two  C— C  bonds  (C4a— C7a 
or  C3a— C8a)  in  CL-20  (Fig.  1). 

Formation  of  glyoxal  during  CL-20  degradation  ap¬ 
pears  to  be  thermodynamically  favorable  since  it  is  used 
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Table  1 

Stoichiometry  and  mass-balance  of  reactants  and  products  after  3h  of  reaction  between  CL-20  and  nitroreductase  under  anaerobic  conditions  at  pH 
7.0  and  30  “C 


Reactant/product 

Amount  (nmol) 

Molar  ratio  per  mole  of  reacted  CL-20 

%  Carbon  recovery 

%  Nitrogen  recovery 

Reactants 

CL-20 

25  ±  1.8 

1.0  ±0.07 

100 

100 

NADH 

34  ±  2.3 

1.3  ±  0.08 

NA 

NA 

Products 

Nitrite 

45  ±  2.7 

1.8  ±  0.10 

NA 

15.0 

Nitrous  oxide 

82  ±  6.4 

3.3  ±  0.25 

NA 

55.0 

Ammonium 

33  ±  2.5 

1.3  ±  0.05 

NA 

10.8 

Formic  acid 

40  ±  3.3 

1.6  ±  0.13 

26.6 

NA 

Glyoxal 

25  ±  1.3 

1.0  ±0.05 

33.3 

NA 

Total  mass-balance 

59.9 

80.8 

Data  are  means  ±  SE  (n  =  2). 


to  synthesize  CL-20  [24].  Under  alkaline  conditions  or  in 
the  presence  of  Fe(0),  glyoxal  further  converts  to  gly¬ 
colic  acid  [11,25].  However,  in  the  present  study  at  neu¬ 
tral  conditions  (pH  7.0),  glyoxal  was  accumulated  as  an 
end-product.  Under  biological  conditions,  further  con¬ 
version  of  either  glyoxal  (OHC— CHO)  or  glycolic  acid 
(HOH2C-COOH)  to  glyoxylic  acid  (HOOC-CHO)  re¬ 
quires  involvement  of  glyoxal  oxidase  or  glycolate  oxi¬ 
dase,  respectively  [25,26].  The  formation  of  glyoxal  as 
a  CL-20  product  is  environmentally  significant  since  gly¬ 
oxal  is  a  reactive  oc-oxoaldehyde  and  its  biological  toxic¬ 
ity  is  well  known  [22].  Glyoxal  is  also  produced  in 
biological  systems  as  a  result  of  glucose  auto-oxidation, 
DNA  oxidation  by  oxygen  free-radicals,  and  lipid  oxi¬ 
dation  [22,27],  It  reacts  with  proteins  and  nucleic  acids 
by  forming  covalent  bonds  via  a  non-enzymatic  process 
called  glycation  thus  leading  to  a  variety  of  clinical  man¬ 
ifestations  [22].  It  is  a  known  mutagen  [22]  and  an 
important  allergen  [28],  Thus,  glyoxal  produced  from 
CL-20  may  significantly  contribute  to  the  biological  tox¬ 
icity  of  CL-20. 

Involvement  of  flavin-moiety  in  CL-20  biotransformation 

Nitroreductase,  from  E.  coli,  is  a  monomeric  protein 
with  a  mol.  wt.  of  24kDa  and  contains  one  molecule  of 
flavin-moiety  (FMN)  per  enzyme  monomer  [29],  The 
involvement  of  FMN  in  CL-20  biotransformation  was 
determined  by  assaying  deflavo-  and  reconstituted-form 
of  nitroreductase  against  CL-20.  The  specific  activities 
of  the  native-,  deflavo-,  and  reconstituted-form  of  nitro¬ 
reductase  against  CL-20  were  3.4  ±  0.2,  0.4  ±  0.03,  and 
2.75  ±  0.2  nmol  min”1  mg  of  protein-,  respectively, 
revealing  that  deflavo-enzyme  lost  about  88%  of  its 
activity  compared  to  the  native-enzyme  (Fig.  4).  The 
remaining  12%  activity  observed  in  deflavo-enzyme 
was  due  to  incomplete  removal  of  FMN  (data  not 
shown).  Whereas,  the  reconstituted  enzyme,  prepared 
by  reconstitution  of  deflavo-enzyme  with  FMN,  re¬ 
stored  the  CL-20  biotransformation  activity  up  to  81% 
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Fig.  4.  Biotransformation  of  CL-20  by  the  native-  (1),  deflavo-  (2),  and 
reconstituted-nitroreductase  (3).  One  hundred  percent  CL-20  biotrans¬ 
formation  activity  was  equivalent  to  3.4  ±  0.2  nmol  min-1  mg  of 
protein-1.  Data  are  mean  percentages  of  CL-20  biotransformation 
activity  ±  SE  (n  =  3). 


(Fig.  4).  The  above  results  suggested  the  involvement 
of  FMN  in  biotransformation  of  CL-20.  Furthermore, 
the  free  FMN  (100  pM)  also  transformed  CL-20  in  the 
presence  of  NADH  (200  pM)  at  a  rate  of  0.17  ± 
0.02nmolmin-1,  however,  the  biotransformation  rate 
was  only  5%  of  the  enzyme-bound-FMN  present  in  na¬ 
tive  nitroreductase.  This  finding  additionally  supported 
the  involvement  of  FMN  in  CL-20  biotransformation 
and  also  suggested  that  flavin-moiety  functions  more 
efficiently  in  enzyme-bound  form. 

In  conclusion,  the  present  study  provided  the  first 
biochemical  evidence  for  the  quantitative  formation  of 
glyoxal  and  HCOOH  during  enzymatic  biotransforma¬ 
tion  of  CL-20.  This  study  supported  the  previous  finding 
of  glyoxal  production  during  chemical  degradation  of 
CL-20  with  Fe(O).  In  the  latter  case,  however,  glyoxal 
was  further  converted  to  glycolic  acid  [11].  Detection 
and  quantification  of  glyoxal  supported  the  carbon 
mass-balance.  Literature  reported  so  far  revealed  that 
very  few  reports  are  available  with  regard  to  microbial 
and  enzymatic  degradation  of  CL-20.  The  present  study 
thus  provides  a  better  understanding  of  the  products 
and  mass-balance  of  CL-20  reaction  with  nitroreduc¬ 
tase^)-  or  similar  enzyme(s)-producing  bacteria.  Fur¬ 
ther  work,  however,  is  required  to  determine  the  fate 
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and  impact  of  glyoxal,  a  known  toxic  compound,  in  the 
environment. 
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Abstract 

Cyclic  nitramine  explosives,  RDX,  HMX,  and  CL-20  are  hydrophobic  pollutants  with  very  little  aqueous  solubility.  In  sediment 
and  soil  environments,  they  are  often  attached  to  solid  surfaces  and/or  trapped  in  pores  and  distribute  heterogeneously  in  aqueous 
environments.  For  efficient  bioremediation  of  these  explosives,  the  microorganism(s)  must  access  them  by  chemotaxis  ability.  In  the 
present  study,  we  isolated  an  obligate  anaerobic  bacterium  Clostridium  sp.  strain  EDB2  from  a  marine  sediment.  Strain  EDB2, 
motile  with  numerous  peritrichous  flagella,  demonstrated  chemotactic  response  towards  RDX,  HMX,  CL-20,  and  NCR.  The  three 
explosives  were  biotransformed  by  strain  EDB2  via  N-denitration  with  concomitant  release  of  NCR.  Biotransformation  rates  of 
RDX,  HMX,  and  CL-20  by  the  resting  cells  of  strain  EDB2  were  1.8±0.2,  1.1  ±0.1,  and  2.6  ±0.2  nmol  h-1  mg  wet  biomass-1 
(mean±SD;  n  =  3),  respectively.  We  found  that  commonly  seen  RDX  metabolites  such  as  TNX,  methylenedinitramine,  and 
4-nitro-2,4-diazabutanal  neither  produced  NCR  during  reaction  with  strain  EDB2  nor  they  elicited  chemotaxis  response  in  strain 
EDB2.  The  above  data  suggested  that  NOj  released  from  explosives  during  their  biotransformation  might  have  elicited  chemotaxis 
response  in  the  bacterium.  Biodegradation  and  chemotactic  ability  of  strain  EDB2  renders  it  useful  in  accelerating  the  bioreme¬ 
diation  of  explosives  under  in  situ  conditions. 

©  2004  Elsevier  Inc.  All  rights  reserved. 
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Increasing  use  of  RDX  (hexahydro-l,3,5-trinitro- 
1,3,5-triazine)  and  HMX  (octahydro- 1,3,5, 7-tetranitro- 
1,3,5,7-tetrazocine)  has  severely  contaminated  both 
marine  and  terrestrial  environments  around  the  world. 
The  main  sources  of  contamination  are,  dumping  of 
huge  amounts  of  unexploded  ordnance  (UXO),  effluents 
from  explosive  manufacturing  plants,  military  training, 
ordnance  waste  disposal  by  open  burning/open  deto¬ 
nation  (OB/OD),  land  mines,  and  commercial  use  of 
explosives  in  propellants  and  mining  [1-4],  Department 
of  defense  (DoD)  and  energy  (DoE),  USA,  alone  has 
over  21,000  contaminated  sites  and  most  of  them  are 
contaminated  with  explosives  [5],  DoD  of  Canada  has 
estimated  103  training  sites  and  3  OB/OD  sites  which  are 
contaminated  with  RDX,  HMX,  and  2,4,6-trinitrotol- 
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uene  (TNT)  [6],  Cyclic  nitramine  explosives  such  as 
RDX  and  HMX  cause  adverse  effects  on  biological 
systems,  environment,  and  human  health  [7-11].  US 
environmental  protection  agency  (USEPA)  has  recom¬ 
mended  a  lifetime  health  advisory  for  RDX  [12]  and 
HMX  [13],  It  is  likely  that  due  to  its  structural  similarity 
with  RDX  and  HMX,  CL-20  (2,4,6,8,10,12-hexanitro- 
2,4,6,8,10,12-hexaazaisowurtzitane)  (Fig.  1),  a  future 
generation  high  performance  explosive,  may  also  cause 
similar  environmental  problem.  The  cleanup  of  explo¬ 
sive^)  contaminated  sites  is  a  matter  of  growing  concern 
among  environmental  protection  groups. 

Cyclic  nitramines  lack  the  electronic  stability  of  aro¬ 
matic  compounds  such  as  TNT  and  therefore  an  initial 
attack,  whether  biological  or  chemical,  on  the  mole- 
cule(s)  leads  to  their  rapid  spontaneous  decomposition 
[3,14—18].  Bioremediation  of  contaminants,  with  little 
aqueous  solubility,  has  always  been  a  challenging  task. 
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Fig.  1.  Molecular  structures  of  RDX,  HMX,  and  CL-20. 


Rates  of  biodegradation  of  such  chemicals  are  limited  by 
the  rates  of  their  mass-transfer  from  non-aqueous  phase. 
In  sediments  and  soil  environments,  hydrophobic  pol¬ 
lutants  are  often  attached  to  solid  surfaces  and/or 
trapped  in  pores.  Cyclic  nitramine  explosives  such  as 
RDX,  HMX,  and  CL-20  (Fig.  1)  constitute  one  such 
class  of  chemicals  with  very  little  water  solubilities  of 
40.0,  6.6,  and  3.6mgL_1,  respectively  [19],  and  therefore 
distribute  heterogeneously  in  marine  and  terrestrial  en¬ 
vironments.  In  order  to  degrade  the  explosive,  the  po¬ 
tential  microorganism(s)  must  come  in  contact  with  the 
molecule.  Bacterial  chemotaxis  is  one  such  process  that 
brings  microbes  closer  to  the  contaminated  sites  and 
thus  enhances  the  rate  of  biodegradation  [20,21].  Motile 
and  chemotactic  microorganisms  have  advantage  over 
non-motile  and  non-chemotactic  ones  by  having  the 
ability  of  sensing  the  explosive  and  thus  move  to  form 
high-population  densities  around  the  chemical  [22].  The 
dense  microbial  population  can  tolerate  higher  concen¬ 
tration  of  toxic  chemicals  [23]  and  reproduce  more 
rapidly  thus  stimulating  a  rapid  cleanup.  Bacterial  che¬ 
motaxis  to  a  variety  of  organic  pollutants  and  their 
subsequent  degradation  has  been  studied  extensively 
[20,21,24-28]  however  no  report  is  available  so  far  with 
regard  to  cyclic  nitramine  explosives. 

In  the  present  study,  we  isolated  an  obligate  anaero¬ 
bic  bacterium  Clostridium  sp.  strain  EDB2  from  a  ma¬ 
rine  sediment  collected  from  a  shipwreck  site  near 
Halifax  Harbor  in  Canada.  The  strain  demonstrated 
chemotaxis  response  towards  the  three  cyclic  nitramine 
explosives,  RDX,  HMX,  and  CL-20,  and  successfully 
degraded  them.  The  present  study  is  thus  a  model  sys¬ 
tem  to  understand  the  environmental  significance  of 
chemotactic  bacteria  in  accelerating  the  biodegradation 
of  cyclic  nitramine  explosives  under  in  situ  conditions. 


Materials  and  methods 

Chemicals 

Commercial  grade  RDX,  HMX  (chemical  purity  >99%  for  both 
explosives),  [UL-14C]RDX  (chemical  purity  >98%,  radiochemical  pu¬ 
rity  97%,  and  specific  radioactivity  28.7  pCimmoU1),  and  [UL- 
14C]HMX  (chemical  purity  >94%,  radiochemical  purity  91%,  and 
specific  radioactivity  101.0  pCimmoU1 )  were  provided  by  the  Defense 
Research  and  Development  Canada  (DRDC),  Valcartier,  Quebec. 
Hexahydro-l-nitroso-3,5-dinitro-l,3,5-triazine  (MNX)  and  4-nitro- 
2,4-diazabutanal  were  obtained  from  SRI  International  (Menlo  Park, 


CA).  Hexahydro-l,3,5-trinitroso-l,3,5-triazine  (TNX)  was  synthesized 
according  to  the  method  described  by  Brockman  et  al.  [29],  Methy- 
lenedinitramine  (MDNA)  was  obtained  from  the  rare  chemical  de¬ 
partment  of  Aldrich,  Oakville,  ON,  Canada.  e-CL-20  (99.3%  purity) 
was  provided  by  ATK  Thiokol  Propulsion,  Brigham  City,  UT,  USA. 
Microcapillaries  (1  and  5  pi),  low-melting-point  agarose,  and  NADH 
were  purchased  from  Sigma  chemicals,  Canada.  Nitrous  oxide  (N20) 
was  purchased  from  Scott  specialty  gases,  Sarnia,  ON,  Canada.  All 
other  chemicals  were  of  highest  purity  grade. 

Marine  sediment  samples  were  collected  from  a  shipwreck  site 
(200m  deep-sea  bed)  at  50  nautical  miles  east  of  the  Halifax  harbor, 
Canada.  Chemical  analysis  showed  that  sediment  was  composed  of 
silt,  clay,  sand,  and  total  organic  matter  at  a  concentration  of  90.45%, 
8.25%,  1.30%,  and  1.90%,  w/w,  respectively.  Major  metals  were  Fe,  Ca, 
Al,  and  Na  at  a  concentration  of  40,  24,  15,  and  10gkg_1,  respectively. 
pH  of  sediment  was  7.7. 

Media  composition 

Medium  Ml  was  composed  of  (per  liter):  NaCl,  10.0  g;  NaHCOj, 
2.5  g;  NaH2P04,  0.6  g;  KC1,  0.2  g;  NH4C1,  0.5  g;  and  Fe(III)-citrate, 
12.25  g.  Ingredients  were  mixed  in  hot  water.  pH  was  adjusted  to  7.0 
with  10N  NaOH.  One  liter  medium  was  bubbled  with  N2:C02  (80:20) 
for  45  min.  After  autoclaving  at  121  °C  for  20  min.  we  added  filter- 
sterilized  anaerobic  solutions  of  lactate  and  glucose,  25  mM  each; 
peptone,  l.Og;  trace  elements,  10ml;  and  vitamin  mixture,  10ml.  Trace 
elements  and  vitamin  mixture  were  same  as  reported  [30].  Medium  M2 
was  composed  of  (per  liter):  peptone,  8  g;  yeast  extract,  2  g;  NaCl,  10  g; 
and  glucose  and  lactate,  25  mM  each.  For  making  solid  agar  slants  or 
plates,  1.8%  agar  powder  (Difco)  was  added  to  the  medium. 

Isolation  of  chemotactic  bacteria 

Enrichments  were  carried  out  by  adding  RDX,  HMX,  and  CL-20 
together  (30  pM  each)  and  sediment  (1%  w/v)  to  medium  Ml  followed 
by  incubation  at  room  temperature  for  about  2  weeks  under  strict 
anaerobic  conditions  (N2:C02,  80:20).  The  enriched  culture  (2.0  ml) 
was  suspended  in  3.0ml  phosphate-buffered  saline  (PBS)  (lOOmM,  pH 
7.0)  supplemented  with  glucose  (5  mM)  as  carbon  and  energy  source. 
The  cell-suspension  was  sealed  in  10  ml  vials  under  strict  anaerobic 
conditions.  Microcapillaries,  sealed  at  one  end,  were  then  charged  with 
5  pM  solution  of  either  RDX,  HMX  or  CL-20,  inserted  into  the  above 
sealed  vials  by  piercing  through  the  butyl  rubber  septum,  and  partly 
dipped  into  the  enriched  culture  as  shown  in  Fig.  2.  After  every  24  h  of 
incubation,  one  capillary  was  taken  out,  plated  onto  the  agar  slants  of 
both  media  Ml  and  M2,  and  incubated  at  room  temperature  under 
anaerobic  conditions.  This  exercise  was  repeated  every  24  h  for  about 
two  weeks  to  allow  isolation  of  a  motile  and  chemotactic  bacterial 
strain.  The  isolated  strain  formed  small,  black  colonies  (Cl  mm  diam¬ 
eter)  on  solidified  medium  Ml,  and  small,  white,  shining  colonies 
(Cl  mm  diameter)  on  solidified  medium  M2. 

Bacterial  identification 

Morphological,  physiological,  and  biochemical  characterization  of 
the  isolated  strain  was  performed  by  standard  methods  described  for 
gram-staining,  spore-staining,  catalase,  oxidase,  and  H2S  production, 
and  nitrate-  and  nitrite-reduction,  in  the  manual  of  methods  for  gen¬ 
eral  bacteriology  [31],  16S  rRNA  gene  analysis  (1200  bases)  and  mol% 
G  +  C  content  of  the  strain  were  performed  by  laboratory  services 
division.  University  of  Guelph,  ON,  Canada.  The  strain  was  named 
EDB2  (EDB  stands  for  explosive  degrading  bacterium). 

Following  microscopy  techniques  were  performed  to  determine 
morphology,  motility,  flagella,  and  cell  count:  (1)  phase  contrast  mi¬ 
croscopy  was  used  to  observe  cell-motility  by  hanging  drop  method 
[31]  using  standard  microscope  glass  slides  with  cavity.  It  was  also 
used  for  bacterial  cell  count  with  Petroff-Hausser  counter  (Hausser 
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Sealed  microcapillary 

\/ 


Biotransformation  assays  for  RDX,  HMX,  and  CL-20 

Biotransformation  assays  were  performed  in  6  ml  air-tight  glass 
vials  under  strict  anaerobic  conditions  by  purging  the  reaction  mixture 
with  argon  for  20  min.  Each  assay  vial  contained  (1  ml  of  assay  mix¬ 
ture)  either  RDX  (20  pM),  HMX  (20  pM)  or  CL-20  (20 pM)  and 
resting-cell  preparation  (5  mg  wet  biomass  ml-1)  in  a  potassium 
phosphate  buffer  (50mM,  pH  7.0).  To  determine  the  effect  of  NADH 
on  rate  of  biotransformation  of  explosive(s),  NADH  (200  pM)  was 
added  to  the  reaction  vial(s)  and  incubated  at  30  °C.  Three  different 
controls  were  prepared  by  omitting  either  resting-cells,  NADH  or  both 
from  the  assay  mixture.  Residual  NADH  was  measured  as  described 
before  [18],  The  energetic  chemicals  and  their  biotransformed  products 
were  analyzed  as  previously  described  [15-18],  Explosive  degradation 
activity  of  the  cells  was  expressed  as  nmolfr1  mg  cell  biomass-1  unless 
otherwise  stated. 

Biomineralization  of  RDX  and  HMX  in  sediment  microcosms 


Fig.  2.  Schematic  representation  of  the  technique  used  to  isolate  che- 
motactic  bacteria.  An  air-tight  10  ml  glass  vial  containing  5  ml  enriched 
culture  under  anaerobic  conditions.  A  5  pi  microcapillary  containing 
an  explosive  solution  and  sealed  at  outer  end  inserted  into  glass  vial. 

Scientific,  Horsham,  PA,  USA);  (2)  transmission  electron  microscopy 
(TEM)  was  used  to  observe  bacterial  morphology  and  type  of  flagella. 
For  TEM,  bacterial  cells  were  negatively  stained  as  follows:  a  20  pi  of 
mid-log-phase  culture  was  placed  onto  a  formvar  (polyvinyl  formal¬ 
dehyde)  coated  grid  of  mesh  size  400.  After  4  min  of  incubation  at 
room  temperature  the  excess  fluid  was  drained  off  with  Whatman  filter 
paper.  The  culture  sticking  to  the  grid  was  stained  with  2%  ammonium 
molybdate  for  about  30  s.  Excess  stain  was  drained  and  grid  was 
washed  with  double-distilled  water.  The  grid  was  air-dried  and  ob¬ 
served  under  a  transmission  electron  microscope  (Hitachi  H7500). 


Sediment  microcosms  were  prepared  in  four  different  combinations 
under  anaerobic  conditions  (N2)  as  follows:  (1)  2  g  native-sediment  and 
2 ml  of  50 mM  PBS  (lOOmM,  pH  7.0);  (2)  2g  sterile-sediment  (gamma- 
irradiated)  and  2  ml  PBS;  (3)  2g  native-sediment,  1  ml  PBS,  and  1  ml 
bacterial  culture  (2  x  10s  cells  ml-1);  and  (4)  2g  sterile-sediment,  1  ml 
PBS,  and  1ml  bacterial  culture  (2  x  108  cellsml-1).  Radiolabeled 
[UL-14C]RDX  (33pgg-1  sediment  equivalent  to  50,118dpm)  and 
[UL-14C]HMX  (16pgg-1  sediment  equivalent  to  54,310dpm)  were 
added  to  the  microcosms  through  rubber  septum  using  a  syringe  and 
needle.  A  small  glass  tube,  placed  inside  microcosm,  containing  0.5  ml 
of  0.5  M  KOH  was  used  as  14C02  trap.  Evolution  of  14C02  was  de¬ 
termined  in  terms  of  dpm  counts  in  KOH  solution  by  using  a  liquid 
scintillation  counter  (Packard,  Tri-Carb  4530,  model  2100  TR,  Pack¬ 
ard  Instruments  Company,  Meriden,  CT).  Experiments  were  per¬ 
formed  in  duplicate.  Note.  CL-20  was  not  included  in  this  experiment 
because  of  unavailability  of  radiolabeled  [UL-14C]CL-20. 


Chemotaxis  assays 

Qualitative  agarose-plug  assay.  This  assay  was  conducted  as 
described  by  Childers  et  al.  [32]  with  some  modifications  using  low- 
melting-point  agarose  (1.6%  w/v,  Sigma  Chemicals,  Canada).  Briefly,  a 
chemotaxis  chamber  of  dimensions  20  x  20  x  1.5  mm  was  made  with  two 
plastic  strips  glued  to  a  glass  slide.  A  drop  of  low-melting-point  agarose 
containing  an  explosive  compound  was  placed  on  a  glass  coverslip  and 
inverted  onto  the  plastic  strips.  Bacterial  cells,  grown  anaerobically  in 
100  ml  of  medium  M2  supplemented  with  RDX,  HMX.  and  CL-20  to¬ 
gether  ( 1 5  pM  each),  were  washed  once  with  PBS  buffer  and  resuspended 
in  8  ml  PBS  buffer  containing  1  mM  glucose  as  energy  source  before 
transferring  to  the  chemotaxis  chamber.  The  latter  was  then  transferred 
to  a  plastic  tube  sealed  with  a  rubber  stopper  followed  by  flushing  with 
N2:C02  (80:20)  to  create  anaerobic  conditions  and  then  incubated  at 
30  °C.  Bacterial  ring  formation  around  the  agarose-drop  was  observed 
for  60  min.  Two  separate  controls  were  used  for  comparison;  the  first 
contained  agarose-drop  with  buffer  alone,  and  the  second  contained 
autoclaved  killed  cells  against  a  test  chemical(s). 

Quantitative  microcapillary  assay.  A  modified  version  of  previously 
described  method  [24]  was  used.  The  cyclic  nitramines,  at  a  defined 
concentration,  were  charged  into  1  pi  microcapillaries  (Drummond 
Scientific  Company,  Broomall,  PA,  USA).  The  latter  were  inserted  into 
a  U-shaped  chamber  (similar  to  the  chemotaxis  chamber  as  mentioned 
above  but  without  agarose-drop)  already  flooded  with  cell  suspension 
of  strain  EDB2.  The  U-shaped  chamber  was  then  incubated  under 
anaerobic  conditions  for  30  min.  Microcapillaries  were  removed  from 
the  chamber  and  the  cells  sticking  outside  the  capillaries  were  washed 
away  with  PBS  buffer.  Cells  accumulated  inside  the  capillaries  were 
counted  by  Petrofl'-Hausser  counter  following  serial  dilutions.  Con¬ 
trols  were  same  as  mentioned  above. 


Results  and  discussion 

Isolation  and  identification  of  strain  EDB2 

We  isolated  an  obligate  anaerobic  bacterial  strain 
EDB2,  from  a  marine  sediment,  by  using  a  new  tech¬ 
nique  devised  to  isolate  chemotactic  bacteria  (see  Ma¬ 
terials  and  methods,  and  Fig.  2).  Strain  EDB2  was  small 
rods  of  length  1.8-3. 5  pm  and  diameter  0. 7-1.0  pm,  and 
exhibited  gram-variable  character.  Spores  were  not  seen 
in  a  stationary-growth-phase  culture.  The  temperature 
and  pH  optima  for  the  growth  were  30  °C  and  7.0,  re¬ 
spectively.  Strain  EDB2  was  motile  with  the  help  of 
numerous  peritrichous  flagella  (Fig.  3).  It  was  catalase 
and  oxidase  negative,  and  produced  H2S  from  Sfi)]  . 
Also,  it  reduced  nitrate  and  nitrite  to  N20  using  NADH 
as  electron-donor.  16S  rRNA  gene  analysis  of  1200 
bases  (GenBank  Accession  No.  AY5 10270)  showed  that 
strain  EDB2  was  97%  similar  to  Clostridium  xylanolyt- 
icum  (GenBank  Accession  No.  X76739)  and  Clostridium 
strain  DR7  (GenBank  Accession  No.  Y10030).  Strain 
EDB2  differed  from  C.  xylanolyticum  for  having  higher 
mol%  G  +  C  content  of  53.6  compared  to  40%,  and  for 
its  potential  to  reduce  nitrite  and  nitrate.  No  published 
description  was  available  for  Clostridium  strain  DR7. 
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Fig.  3.  Transmission  electron  micrograph  of  negatively  stained  cell  of 
strain  EDB2.  Bar  indicates  1  pm. 

The  results  showed  that  strain  EDB2  belonged  to  genus 
Clostridium  however  it  did  not  match  with  any  closely 
related  species. 

Chemotaxis  response  of  strain  EDB2  towards  explosives 

Agarose-plug  assays  showed  qualitative  chemotaxis 
of  strain  EDB2  in  the  form  of  visible  bright  rings  around 
the  agarose-plug(s)  containing  RDX,  HMX,  CL-20  or 
nitrite.  Control  agarose-plug  containing  only  buffer  did 
not  show  chemotaxis  response  (Fig.  4).  Whereas,  mi¬ 
crocapillary  assays  showed  quantitative  chemotaxis  re¬ 
sponse  of  strain  EDB2  towards  the  three  explosives  and 
the  nitrite  ion  (Table  1).  Since  we  found  that  biotrans¬ 
formation  of  RDX,  HMX,  and  CL-20  occurred  via  an 
initial  N-denitration  (discussed  below),  we  presumed 
that  nitrite  released  from  the  explosive  molecules  was 


Table  1 

Quantitative  chemotaxis  assay  with  strain  EDB2  by  microcapillary 
method 


Compound 

Concentration  (pM) 

Chemotaxis  index3 

Bufferb 

— 

1.0  ±0.1 

RDX 

10 

5.0  ±0.4 

HMX 

10 

2.4  ±0.2 

CL-20 

8 

7.2  ±0.5 

MNX 

10 

5.9  ±0.4 

TNX 

10 

1.3  ±0.1 

Nitrite 

10 

7.9  ±0.6 

100 

18.5  ±1.3 

“Ratio  of  the  number  of  cells  accumulated  inside  the  capillary 
containing  test  compound  to  the  number  of  cells  accumulated  inside 
the  capillary  containing  only  buffer  (i.e.,  850  ±90 cells);  data  are 
means  ±  SD  (n  =  3). 

b  Negative  control  without  compound. 

responsible  for  eliciting  a  chemotaxis  response  in  strain 
EDB2.  Hexahydro-l-nitroso-3,5-dinitro-l,3,5-triazine 
(MNX),  a  RDX  metabolite  that  also  released  nitrite  on 
reaction  with  strain  EDB2,  elicited  a  chemotaxis  re¬ 
sponse  in  strain  EDB2  (Fig.  4  and  Table  1).  On  the  other 
hand,  HMX,  being  the  most  recalcitrant  (discussed  be¬ 
low),  elicited  the  least  chemotaxis  response  (Table  1). 
Our  hypothesis  was  strengthened  when  hexahydro- 
l,3,5-trinitroso-l,3,5-triazine  (TNX),  a  RDX  metabolite 
without  a  nitro  group  [33],  did  not  elicit  chemotaxis 
response  (Table  1).  Additionally,  methylenedinitramine 
and  4-nitro-2,4-diazabutanal,  both  ring-cleavage  me¬ 
tabolites  from  RDX  and/or  HMX  [15-18],  neither  re¬ 
leased  nitrite  during  their  reaction  with  resting  cells  of 
strain  EDB2  nor  they  elicited  chemotaxis  response  in 
strain  EDB2.  Other  known  carbon  products  of  cyclic 
nitramines,  i.e.,  HCHO  and  HCOOH  which  lack  NCR 
elicited  a  poor  chemotaxis  response  in  bacterium  (data 


Fig.  4.  Qualitative  chemotaxis  assay  with  strain  EDB2  by  agarose-plug  method.  Bright  ring  of  bacterial  cells  around  the  plug  indicated  chemotaxis. 
Top  line  (left  to  right):  buffer  alone,  nitrite,  and  RDX;  bottom  line  (left  to  right):  MNX,  CL-20,  and  HMX. 
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not  shown).  The  above  data  confirmed  that  nitrite  re¬ 
leased  from  the  explosives  was  primarily  responsible  for 
inducing  chemotaxis  response  in  strain  EDB2.  Once 
gathered  around  the  contaminated  site,  strain  EDB2 
may  form  high  population  density  and  reproduce  more 
rapidly  as  demonstrated  by  other  bacteria  [22,23].  As  a 
result,  a  higher  degradation  rate  of  energetic  chemicals 
can  be  achieved  by  strain  EDB2  as  previously  reported 
with  regard  to  bacterial  degradation  of  naphthalene 
[20,21]. 

Biodegradation  of  cyclic  nitramine  explosives 

Growing-culture  of  strain  EDB2  biotransformed  the 
three  explosives,  in  medium  M2,  as  a  function  of  its 
growth  with  the  following  order,  i.e.,  CL- 
20>RDX>HMX  (Fig.  5).  In  the  resting-cell  study, 
biotransformation  rates  of  RDX,  HMX,  and  CL-20  by 
strain  EDB2  were  1.8  ±0.2,  1.1  ±0.1,  and  2.6  ±0.2 
nmol  h  1  mg  biomass-1  (mean  ±  SD;  n  =  3),  respectively, 
whereas,  in  the  presence  of  100  pM  NADH,  the  bio¬ 
transformation  rates  of  the  three  explosives  enhanced  to 
4.5  ±  0.3,  2.5  ±  0.3,  and  7.2  ±  0.6  nmol  h-1  mg  biomass-1 
(mean  ±  SD;  n  =  3),  respectively.  In  contrast,  a  negligible 
response  was  observed  upon  addition  of  100  pM  NADPH 
indicating  the  involvement  of  an  unidentified  NADH- 
dependent  enzyme(s).  No  degradation  was  observed  in 
control  experiments  without  resting  cells  within  1  h  of 
assay  time.  We  found  that  biotransformation  of  RDX  or 
HMX  was  accompanied  by  the  formation  of  N02 ,  N20, 
HCHO,  and  HCOOH.  Whereas,  biotransformation  of 
CL-20  produced  NO%  N20,  and  HCOOH.  The  products 
obtained  from  each  explosive  were  similar  to  those 
observed  previously  [15-18]. 

Resting-cells  of  strain  EDB2  also  catalyzed  NADH- 
dependent  biotransformation  of  HCHO  to  HCOOH 
which  did  not  accumulate  (data  not  shown).  In  a  sub¬ 
sequent  experiment,  strain  EDB2  mineralized  40%  of 
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Fig.  5.  Biotransformation  of  RDX  (•),  HMX  (O),  and  CL-20  (T)  by 
strain  EDB2  as  a  function  of  its  growth  (■).  Data  are  means  ±SD 
(m  =  3).  Some  error  bars  are  not  visible  due  to  their  small  size. 


H14CHO  (of  the  total  340  pg  H14CHO/L  medium)  with 
evolution  of  14C02  after  4  days  of  incubation  in  medium 
Ml  suggesting  an  intermediary  formation  of  HCOOH. 

To  mimic  the  in  situ  conditions,  mineralization  ex¬ 
periments  were  performed  in  sediment-microcosms. 
When  strain  EDB2  (2  x  108  cells  ml-1)  was  incubated 
with  native-sediment  in  the  presence  of  either  [UL-14C] 
RDX  or  [UL-14C]HMX,  we  obtained  70%  (of  the  total 
33  mg  RDX/kg  sediment)  and  46%  (of  the  total  16  mg 
HMX/kg  sediment)  mineralization,  respectively,  after  1 8 
days.  In  contrast,  in  native-sediment  alone,  only  17% 
and  8%  mineralization  was  obtained  for  RDX  and 
HMX,  respectively.  On  the  other  hand,  when  strain 
EDB2  was  inoculated  in  sterile-sediment,  mineralization 
of  RDX  and  HMX  was  only  1 1%  and  2%,  respectively. 
We  found  that  compared  to  the  sterile-sediment,  the 
mineralization  of  [UL-14C]RDX  and  [UL-14C]HMX  by 
strain  EDB2  in  the  liquid  medium  Ml  was  30%  and 
13%,  respectively,  after  18  days.  The  reason  for  rapid 
mineralization  of  RDX  and  HMX  in  liquid  medium 
attributed  to  a  better  accessibility  of  explosive  molecules 
to  the  bacterial  cells.  Taken  together,  the  above  data 
suggested  that  strain  EDB2  seems  to  be  a  promising 
degrader  of  cyclic  nitramine  explosives  under  native- 
sediment  (or  in  situ)  conditions. 

In  conclusion,  the  present  study  demonstrated  a 
chemotaxis-mediated  biodegradation  of  cyclic  nitramine 
explosives  where  local  population  of  strain  EDB2  first 
initiates  biotransformation  of  cyclic  nitramines  with 
release  of  N02.  The  NO,  thus  produced  attracts  other 
distantly  located  bacterial  cells  to  help  accelerate  the 
biodegradation  process.  In  comparison  to  the  conven¬ 
tional  microbial  degradation  where  microorganism)  s) 
fortuitously  come  in  contact  with  the  energetic  chemi¬ 
cals,  the  present  study  emphasizes  the  use  of  chemotactic 
bacteria  for  efficient  removal  of  explosives  in  contami¬ 
nated  sites.  This  is  the  first  report  which  showed  that  a 
pure  bacterial  culture  (strain  EDB2)  accessed  the  three 
hydrophobic  cyclic  nitramine  explosives  by  chemotaxis 
and  degraded  them  to  innocuous  products.  The  prop¬ 
erties  demonstrated  by  strain  EDB2  renders  it  useful  for 
the  cleanup  of  sites  contaminated  with  cyclic  nitramines. 
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Abstract 

A  new  energetic  substance  hexanitrohexaazaisowurtzitane  (or  CL-20)  was  tested  for  its  toxicities  to  various  eco¬ 
logical  receptors.  CL-20  (s-polymorph)  was  amended  to  soil  or  deionized  water  to  construct  concentration  gradients. 
Results  of  Microtox  (15-min  contact)  and  96-h  algae  growth  inhibition  tests  indicate  that  CL-20  showed  no  adverse 
elfects  on  the  bioluminescence  of  marine  bacteria  Vibrio  fischeri  and  the  cell  density  of  freshwater  green  algae  Sele- 
nastrum  capricornutum  respectively,  up  to  its  water  solubility  (ca.  3.6  mgl-1).  CL-20  and  its  possible  biotransformation 
products  did  not  inhibit  seed  germination  and  early  seedling  (16-19  d)  growth  of  alfalfa  ( Medicago  sativa )  and  perennial 
ryegrass  (Lolium perenne)  up  to  10000  mg  kg"* 1  in  a  Sassafras  sandy  loam  soil  (SSL).  Indigenous  soil  microorganisms  in 
SSL  and  a  garden  soil  were  exposed  to  CL-20  for  one  or  two  weeks  before  dehydrogenase  activity  (DHA)  or  potential 
nitrification  activity  (PNA)  were  assayed.  Results  indicate  that  up  to  10000  mg  kg"1  soil  of  CL-20  had  no  statistically 
significant  effects  on  microbial  communities  measured  as  DHA  or  on  the  ammonium  oxidizing  bacteria  determined  as 
PNA  in  both  soils.  Data  indicates  that  CL-20  was  not  acutely  toxic  to  the  species  or  microbial  communities  tested  and 
that  further  studies  are  required  to  address  the  potential  long-term  environmental  impact  of  CL-20  and  its  possible 
degradation  products. 

Crown  Copyright  ©  2004  Published  by  Elsevier  Ltd.  All  rights  reserved. 
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I.  Introduction 

Hexanitrohexaazaisowurtzitane  (HNIW),  commonly 
known  as  CL-20,  is  a  recently  developed  energetic 
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compound  (Nielsen,  1991).  It  is  predicted  that  CL-20 
significantly  enhances  performance  in  the  areas  of  spe¬ 
cific  impulse  and/or  density  in  propellants,  and  in  det¬ 
onation  velocity  and  pressure  in  explosives  (Wardle 
et  al.,  1996).  These  advantages  have  made  CL-20  a 
possible  alternative  for  the  currently  used  polynitram- 
ines  RDX  (hexahydro-l,3,5-trinitro-l,3,5-triazine)  and 
HMX  (octahydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine) 
(Fig.  1 ).  However,  it  is  also  recognized  that  the  envi¬ 
ronmental  fate  and  impact  of  this  new  compound  must 
be  understood  and  the  potential  environmental  risks  be 
fully  assessed  prior  to  its  adoption  as  a  commonly  used 
energetic  material.  It  was  based  on  these  considerations 


0045-6535/$  -  see  front  matter  Crown  Copyright  ©  2004  Published  by  Elsevier  Ltd.  All  rights  reserved, 
doi:  10.1 01 6/j. chemosphere. 2004.04.010 


654 


P.  Gong  et  al.  /  Chemosphere  56  ( 2004 )  653-658 


02n  no2 

V 

I 

no2 

RDX 

Fig.  1.  Chemical  structures  of  RDX.  HMX  and  CL-20. 

that  the  US  Strategic  Environmental  Research  and 
Development  Program  (SERDP)  launched  a  multi-year, 
multi-disciplinary  research  program  to  collect  data  on 
the  environmental  behavior  and  impact  of  CL-20.  As 
part  of  this  effort,  we  carried  out  a  battery  of  ecotoxi- 
cological  tests  including  terrestrial,  aquatic,  and  avian 
toxicity  studies.  This  article  describes  some  of  the  eco- 
toxicological  results  obtained  in  our  laboratory. 

As  far  as  we  know,  there  is  no  documented  study  on 
the  toxicity  of  CL-20  to  ecological  receptors  such  as  birds, 
higher  plants,  fish,  algae,  microorganisms,  and  soil 
invertebrates.  Previous  studies  have  shown  that  mono- 
cyclic  RDX  and  HMX  are  potent  reproductive  toxicants 
to  earthworms  (Robidoux  et  al.,  2000,  2001)  and  can  be 
accumulated  in  earthworm  tissues  (Lachance  et  al.,  2002). 
Higher  plants  and  soil  microorganisms  are  not  sensitive 
to  RDX  and  HMX,  but  plant  uptake  and  translocation 
were  reported  by  several  investigators,  suggesting  po¬ 
tential  food  chain  biomagnification  (Harvey  et  al.,  1991; 
Best  et  al.,  1999;  Thompson  et  al.,  1999;  Gong  et  al.,2001, 
2002a;  Winfield,  2001;  Groom  et  al.,  2002;  Rocheleau 
et  al.,  2002;  Yoon  et  al.,  2002).  It  was  hypothesized  that 
CL-20,  being  a  polycyclic  polynitramine  and  possessing 
the  characteristic  N-NCL  bonds,  would  show  similar 
behavior  to  RDX  and  HMX  due  to  their  structural  sim¬ 
ilarity.  In  the  present  study,  toxicity  tests  were  performed 
using  freshly  amended  materials  because  CL-20  has  not 
been  released  to  the  environment  and  no  contaminated 
matrices  (soil  and  water)  are  available. 

2.  Material  and  methods 

2.1.  Chemicals  and  reagents 

CL-20  (CAS#  135285-90-4,  £-polymorph)  was  ob¬ 
tained  from  Thiokol  Propulsion  (Thiokol,  Utah,  USA). 
HPLC  analysis  indicated  that  the  purity  of  the  product 
was  99.3%.  For  the  purpose  of  comparison,  the  struc¬ 
tures  of  CL-20,  RDX,  and  HMX  are  shown  in  Fig.  1. 
TNT  was  obtained  from  ICI  Explosives  Canada 
(McMasterville,  PQ).  All  the  other  chemicals  were  pur¬ 
chased  from  Sigma-Aldrich  Canada. 

2.2.  Higher  plant  toxicity  test 

Plants  were  exposed  to  freshly  amended  CL-20  in 
Sassafras  sandy  loam  soil  (SSL).  The  SSL  (obtained 


from  R.G.  Kuperman)  was  collected  from  an  uncon¬ 
taminated  open  grassland  on  the  property  of  Aberdeen 
Proving  Ground  (Edgewood,  MD).  Vegetation  and 
surface  organic  matter  were  removed  and  the  top  1 5  cm 
of  the  A  horizon  was  collected.  The  soil  was  then  sieved 
(5  mm)  and  air-dried.  The  physicochemical  characteris¬ 
tics  of  SSL  such  as  low  organic  C  content  and  low  pH 
(Table  1),  rendered  it  a  low  adsorptive  capacity  and  a 
high  level  of  bioavailability.  The  two  chosen  plant  spe¬ 
cies  were  perennial  ryegrass  ( Lolium  perenne)  and  alfalfa 
(Medicago  sativa )  representing  monocotyledon  and 
dicotyledon  plants,  respectively.  CL-20  was  dissolved  in 
acetone  and  amended  to  the  soil  in  order  to  obtain 
gradients  of  artificial  contamination.  The  amended  soil 
was  left  overnight  (ca.  1 8  h)  in  a  chemical  hood  to  allow 
the  evaporation  of  acetone.  In  the  range-finding  tests, 
five  nominal  concentrations  (1,  10,  100,  1000,  and  10  000 
rngkg-1)  as  well  as  a  solvent  control  (acetone)  and  a 
blank  control  (deionized  water)  were  tested  in  triplicate. 
Boric  acid  was  used  as  the  reference  toxicant.  Definitive 
or  limit  tests  were  conducted  using  the  two  controls  and 
the  highest  concentration  (10000  mg  kg-1)  with  eight 
replicates. 

The  plant  toxicity  test  was  performed  in  accordance 
with  standardized  test  guidelines  (USEPA,  1989;  ASTM, 
1998).  Briefly,  20  seeds  of  each  plant  species  were  sown 
in  a  4-in.  pot  containing  200  g  of  soil  (dry  weight).  Al¬ 
falfa  seeds  were  inoculated  with  nitrogen-fixing  bacteria 
prior  to  the  test.  Deionized  water  was  added  to  the  soil 
to  achieve  75%  of  water  holding  capacity.  The  pot  was 
then  placed  in  a  1-1  polyethylene  bag  closed  with  an 
elastic  band  to  prevent  water  loss.  A  growth  chamber 
was  used  for  all  phytotoxicity  tests.  Conditions  of  the 
growth  chamber  were  set  as  follows:  25  °C  (16  h)/20  °C 
(8  h)  day/night  cycle,  light  intensity  5000  ±  500  lux,  and 
lights  off  in  the  first  two  days  of  each  test.  Measurement 
endpoints  were  seedling  emergence  (germination)  and 

Table  1 

Physicochemical  properties  of  the  soils  used  for  terrestrial 
toxicity  tests 


Soil 

SSL 

GS-3 

USDA  classification 

Sandy  loam 

Silty  clay  loam 

Origin 

Grassland 

Garden 

Organic  C  (%)a 

0.3 

3.5 

Kjeldahl  N  (%) 

0.04 

0.28 

CEC  (cmolkg-1) 

4.3 

NDb 

pH 

5.0 

6.5 

Texture  (%) 

Sand 

71 

11 

Sill 

18 

59 

Clay 

11 

30 

Water  holding  capacity  (%) 

21 

83 

“Determined  after  dry  combustion  (ISO,  1995). 
bNot  determined. 
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shoot  fresh  or  dry  biomass.  Germinated  seeds  were 
counted  after  five  (alfalfa)  and  seven  (ryegrass)  days. 
The  emerged  seedlings  were  allowed  to  grow  for  another 
two  weeks  before  the  test  was  terminated.  At  termina¬ 
tion,  germinated  seeds  were  counted  and  the  above 
ground  shoots  were  harvested.  Shoot  dry  biomass  was 
obtained  after  drying  at  70  °C  for  24  h. 

2.3.  Microbial  toxicity  tests 

Due  to  the  low  microbial  activities  in  SSL,  an 
uncontaminated  garden  soil  GS-3  was  also  used  for  the 
tests.  The  GS-3  soil  was  kept  moist  (with  field  moisture) 
and  frozen  at  -20  °C.  Soil  was  thawed  overnight  at  4  °C 
and  pre-incubated  at  24  ±  2  °C  for  one  week  before  the 
tests.  CL-20  (powder)  was  directly  amended  to  both  soils 
without  using  any  organic  solvent.  After  amendment, 
the  air-dried  SSL  and  GS-3  soils  were  brought  to  40%  of 
their  respective  water  holding  capacity.  Treated  and 
control  soils  were  incubated  at  24  ±  2  °C  in  darkness  for 
one  (range-finding  test)  or  two  (limit  test)  weeks  before 
microbial  bioassays.  Two  microbial  bioassays,  i.e., 
dehydrogenase  activity  (DHA)  and  potential  nitrifica¬ 
tion  activity  (PNA),  were  carried  out  following  the 
procedures  described  elsewhere  (Gong  et  al.,  1999, 
2002b).  The  range-finding  tests  were  conducted  using 
four  replicates  for  every  treatment  whereas  the  limit  test 
used  ten  replicates.  The  concentrations  tested  were  0,  1, 
10,  100,  1000,  and  10000  mg  kg-'  in  the  range-finding 
tests.  In  the  limit  tests,  only  the  control  and  the  highest 
concentration  (10  000  mgkg-1)  were  tested. 

2.4.  Aquatic  toxicity  tests 

CL-20  was  dissolved  in  acetone  and  then  diluted  in 
water  to  have  1%  (vr1)  of  acetone  in  water  for  each 
CL-20  concentration.  This  carrier  concentration  was  not 
toxic  to  Selenastrum  capricornutum  and  Vibrio  fischeri 
(Sunahara  et  al.,  1998).  A  saturated  solution  of  CL-20  in 
acetone  was  used  as  the  stock  solution  for  serial  dilution. 
Two  aquatic  bioassays,  the  15-min  Microtox  ( V.  fischeri) 
and  the  freshwater  green  algae  ( S .  capricornutum )  96-h 
growth  inhibition  tests,  were  performed  as  described 
earlier  (Sunahara  et  al.,  1998).  Each  concentration  or 
treatment  was  repeated  three  times  in  range-finding 
tests.  In  the  definitive  (limit)  tests,  eight  replicates  were 
used  for  the  control  and  the  highest  concentration.  For 
QA/QC  purposes,  TNT  (2,4,6-trinitrotoluene)  was  used 
as  the  positive  control,  whereas  phenol  and  zinc  sulphate 
as  reference  toxicants  for  Microtox  and  the  algae  tests, 
respectively. 

2.5.  Chemical  and  statistical  analysis 

The  nominal  concentrations  of  CL-20  in  amended 
soil  or  water  were  confirmed  by  chemical  analysis  using 


US-EPA  Method  8330A  SW-846  (USEPA,  1998;  Lar¬ 
son  et  al.,  2002;  Groom  et  al.,  2003).  Preliminary  studies 
revealed  that  aqueous  samples  should  be  diluted  in 
acetonitrile  (1:1,  vv-1)  and  acidified  to  pH  3.  To  extract 
CL-20  from  soil  samples,  2  g  of  soil  (dry  weight)  was 
combined  with  10  ml  of  acetonitrile  in  a  16-ml  glass 
tube,  vortexed  for  one  min,  and  sonicated  at  20  °C  for 
18  ±2  h.  The  sample  was  then  centrifuged  at  2700  rpm 
for  30  min.  The  supernatant  (5  ml)  was  combined  with  5 
ml  of  CaCL/NaHS04  aqueous  solution  (5  and  0.2  gl-1, 
respectively)  in  a  20-ml  vial.  After  precipitation  (30  min), 
the  supernatant  was  filtered  using  0.45  pm-Millipore 
PTFE  filters.  The  filtrate  was  analyzed  using  an  HPLC 
with  UV  detection  at  230  nm.  The  limit  of  detection  was 
0.02  mgl-1.  Experimental  results  were  subjected  to 
analysis  of  variance  (ANOVA),  the  Fisher’s  least  sig¬ 
nificant  differences,  or  two-tailed  Student’s  1-tests. 
Treatment  effects  were  considered  statistically  significant 
at  p  <  0.05. 

3.  Results  and  discussion 

3.1.  Aquatic  toxicity  tests 

Preliminary  tests  show  that  up  to  its  water  solubility 
(3.59  ±0.74  mgL1  at  25  °C;  Groom  et  al„  2003),  CL-20 
did  not  cause  significant  toxic  effects  on  both  the  marine 
bacteria  V.  fischeri  and  the  freshwater  green  algae  S. 
capricornutum  (data  not  shown).  Results  from  definitive 
(limit)  tests  (Table  2)  confirmed  those  from  range-find¬ 
ing  tests.  In  contrast,  the  positive  control  TNT  inhib¬ 
ited  the  bioluminescence  of  V.  fischeri  by  22-65%  at  0.2- 
5  mgL1  (IC5o  =  1 .0 ± 0.3  mgl-1),  and  the  growth  of 
S.  capricornutum  by  10-96%  at  0.2-1.25  mgL1 

Table  2 

Toxicological  effects  of  CL-20  on  the  bioluminescence  (15-min 
light  reduction)  of  Vibrio  fischeri  and  the  96-h  growth  (cell 
density)  of  Selenastrum  capricornutum 


CL-20 

concentration8 

(mgE1) 

Inhibition  of  (%  of  control)15 

Light  reduction 
( V.  fischeri) 

Cell  density 
(S.  capricornutum) 

Control 

0.0  ±3.4 

0.0  ±  13.4 

D-l 

1.0  ±  2.3 

-20.2  ±  18.6 

D-2 

0.7  ±3.2 

-2.1  ±22.7 

D-3 

-1.9±2.6 

1.5  ±  16.6 

D-4 

-4.5  ±2.6 

4.3  ±12.7 

D-5 

-4.9  ±2.0 

5.4  ±9.1 

D-6 

-3.2  ±3.8 

1.3  ±  9.2 

“For  the  Microtox  and  algal  growth  inhibition  tests,  the 
starting  concentrations  (D-6)  were  2.76  and  3.64  mgL1, 
respectively.  Serial  dilutions  (1:1,  vr1)  were  then  prepared  (i.e., 
D-5  to  D-l). 

b  Expressed  as  mean  ±  standard  deviation,  n  =  8  (control  and 
D-6  groups);  otherwise  n  =  3. 
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(IC50  =  0.8  ±  0.2  mgl-1)  in  a  dose-dependent  manner 
(data  not  shown).  The  results  of  TNT  are  consistent 
with  our  previous  reported  values  (Microtox,  15-min 
IC50:  0.95  mgl  Freshwater  green  algae,  96-h  IC50:  0.73 
mgl-1)  (Sunahara  et  al.,  1998).  These  results  indicate 
that,  compared  with  TNT,  CL-20  is  not  toxic  to  the  two 
aquatic  species. 

3.2.  Higher  plant  tests 

Up  to  the  highest  test  concentration  (10  000  mg  kg-1), 
CL-20  did  not  show  any  major  and  significant  adverse 
effects  on  both  plant  species  in  SSL  for  both  range¬ 
finding  and  limit  tests  (Table  3).  In  fact,  ryegrass  shoot 
biomass  in  CL-20  treated  soils  was  significantly  higher 
than  that  in  the  controls,  but  this  effect  was  not  con¬ 
centration-dependent.  Up  to  200  pg  CL-20  g-1  dry  plant 
was  found  in  the  ryegrass  shoots  (data  not  shown). 
Chemical  analyses  of  freshly  amended  soil  samples 
indicate  very  good  recoveries  (98  ±  3%)  of  CL-20  in  the 
limit  test.  However,  nearly  20%  of  the  amended  CL-20 
was  not  recovered  from  the  soil  after  the  test,  and  the 
exact  fate  of  CL-20  loss  was  unknown.  Possible  path¬ 
ways  include  biodegradation  (e.g.,  nitrate  reductase 
activity)  (Bhushan  et  al.,  2003)  or  hydrolysis  (Bala- 
krishnan  et  al.,  2003;  Trott  et  al.,  2003),  plant  uptake, 


and  binding  to  soil  particles  (K(i  =  2.43  1kg  1  in  the  SSL 
soil;  Monteil-Rivera,  F.,  personal  communication). 

3.3.  Microbial  toxicity  tests 

Preliminary  results  show  that  SSL  had  very  low 
microbial  activities  measured  as  DHA  (2.2  ±  0.2 
nmolINF  g-1soilh-1)  and  PNA  (8.5  ±1.4  ngnitrite- 
Ng-1  soil h  1 ).  Therefore,  a  garden  soil  (GS-3)  was  also 
used  and  exposed  to  CL-20.  No  significant  adverse  ef¬ 
fects  were  observed  on  indigenous  microorganisms  in 
the  one-week  exposure  range-finding  test.  Both  DHA 
and  PNA  were  not  affected  up  to  the  highest  amendment 
level  of  10  000  mg  kg-1  in  the  GS-3  soil  (Table  4).  Limit 
tests  (two-week  exposure)  confirmed  these  results  except 
that  PNA  was  significantly  enhanced  in  the  GS-3  soil 
treated  with  10  000  mg  kg-1  of  CL-20  as  compared  with 
that  in  the  control  soil.  Further  studies  indicate  that  CL- 
20  might  be  used  as  a  nitrogen  source  by  soil  microor¬ 
ganisms  (Bhushan  et  al.,  2003;  Trott  et  al.,  2003).  For 
instance,  we  found  that  CL-20  in  the  limit  tests  is  bio¬ 
degradable  with  the  release  of  nitrite  that  can  be  further 
oxidized  to  nitrate  (unpublished  data).  Recently,  it  has 
been  shown  that  CL-20  can  undergo  abiotic  (Bala- 
krishnan  et  al.,  2003)  and  enzymatic  (Bhushan  et  al., 
2003)  decomposition  via  initial  denitration.  In  addition, 


Table  3 

Toxicological  effects  of  CL-20  on  higher  plants  (alfalfa  and  ryegrass)  in  a  Sassafras  sandy  loam  soil 


CL-20  concentration 
(mg  kg-1  dry  soil) 

Alfalfa 

Ryegrass 

Nominal 

Measured 

Germination 

Fresh 

Dry  biomass 

Germination 

Fresh 

Dry  biomass 

(%)a 

biomass  (%)b 

(%)b 

(%)a 

biomass  (%)b 

(%)b 

Range-finding  tesf 
Carrier  control 

0.0  ±0.0 

83  ±2 

93  ±3 

1 

0.6  ±0.0 

85  ±0 

-7  ±6 

-1  ±9 

97  ±3 

-8  ±2* 

-7  ±2 

10 

8.8  ±0.4 

82  ±4 

3  ±  16 

-1  ±6 

93  ±3 

-14  ±3* 

-14  ±  5* 

100 

96  ±  3 

77  ±6 

10  ±  13 

6  ±  1 1 

83  ±2* 

12  ±2* 

6±2 

1000 

960  ±22 

87  ±4 

-12  ±  6 

-1  ±3 

95  ±3 

5  ±  2 

1  ±2 

10000 

9832  ±341 

85  ±5 

-15  ±  13 

-9  ±  12 

93  ±3 

-10  ±3* 

5  ±  1 

ANOVA 

p  >  0.05 

p  >  0.05 

p  >  0.05 

p  <  0.05 

p  <  0.05 

p  <  0.05 

Limit  tesr 

Carrier  control 

0.0  ±0.0 

ND 

ND 

ND 

87  ±4 

10000 

9832  ±341' 
7964  ±  158f 

ND 

ND 

ND 

91  ±2 

-26  ±5 

-14  ±  5 

(-Test  (two-tailed) 

p  >  0.05 

p  <  0.05 

p  >  0.05 

Significantly  different  from  the  control  using  the  Fisher’s  least  significant  differences  test. 

“Expressed  as  mean  ±  standard  error  and  using  the  numbers  of  emerged  seedlings  after  5  and  7  d  exposure  for  alfalfa  and  ryegrass, 
respectively. 

b  Expressed  as  mean  ±  standard  error  and  calculated  as  percentage  change  compared  to  the  carrier  (acetone)  control  after  16  and  19 
d  exposure  for  alfalfa  and  ryegrass,  respectively.  There  was  no  significant  difference  between  the  carrier  (acetone)  and  the  blank  (water) 
control.  Negative  values  indicate  stimulatory  effects,  whereas  positive  values  denote  inhibition. 

“Three  replicates  per  treatment. 
d  Eight  replicates  per  treatment.  ND:  not  done. 

“Measured  CL-20  concentration  in  soil  at  the  start  of  the  test. 
fMeasured  CL-20  concentration  in  soil  at  the  end  of  the  test. 
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Table  4 

Toxicological  effects  of  CL-20  on  indigenous  soil  microorganisms  in  a  Sassafras  sandy  loam  soil  (SSL)  and  a  garden  soil  (GS-3) 


Nominal  cone. 

GS-3 

SSL 

(mgkg-1  soil) 

DHAa 

PNAa 

DHAa 

PNAa 

Range-finding  testh 

Control  (water) 

0.0  ±2.5 

0.0  ±2.7 

0.0  ±6.4 

0.0  ±8.2 

1 

-8.9  ±3.5 

2.3  ±2.4 

0.2  ±4.9 

-9.5  ±3.6 

10 

9.9  ±8.6 

-0.4  ±  1.8 

-10.2  ±  5.0 

-4.8  ±  1.4 

100 

7.0±4.5 

4.0±  1.9 

-8.2  ±3.9 

7.0  ±0.8 

1000 

—8.4  ±3.1 

-0.5  ±3.0 

1.6  ±  5.3 

-4.1  ±6.7 

10000 

-2.1  ±3.3 

0.0  ±3.0 

-3.2  ±4.7 

-5.9  ±8.3 

ANOVA 

p  >  0.05 

p  >  0.05 

p  >  0.05 

p  >  0.05 

Limit  tesf 

Control  (water) 

0.0  ±4.3 

0.0  ±0.8 

0.0  ±3.2 

0.0  ±5.2 

10000 

-2.2  ±4.0 

-13.9  ±1.4 

5.0  ±0.9 

-10.8±4.8 

t-Test  (two-tailed) 

p  >  0.05 

p  <  0.05 

p  >  0.05 

p  >  0.05 

11 DHA:  dehydrogenase  activity;  PNA:  potential  nitrification  activity.  Expressed  as  mean  ±  standard  error  and  calculated  as  per¬ 
centage  change  from  the  control  (the  mean  of  control  =  100%).  Negative  values  indicate  stimulatory  effects  whereas  positive  values 
denote  inhibition. 

b  Four  replicates  per  treatment  (one-week  exposure). 

cTen  replicates  per  treatment  (two-week  exposure).  HPLC  analysis  of  soil  extracts  indicated  that  recovery  of  CL-20  was  121  ±  12% 
in  SSL  ( n  =  5)  or  88  ±  5%  in  GS-3  soil  (n  =  5)  (p  <  0.05,  two-tailed  Student’s  r-test). 


an  independent  study  has  reported  that  CL-20  (2000 
mgkg-1)  can  enhance  the  microbial  respiration  activity 
in  a  forest  soil  (Stevens  Institute  of  Technology,  2003). 


4.  Conclusions 

Data  presented  in  this  article  indicate  that  CL-20  is 
not  toxic  to  marine  bacteria  V.  fischeri,  freshwater  green 
algae  S.  capricornutum,  terrestrial  higher  plants  and 
indigenous  soil  microorganisms.  However,  other  results 
obtained  from  our  and  other  laboratories  indicate  that 
CL-20  is  highly  toxic  to  soil  invertebrates  such  as  the 
earthworm  Eisenia  andrei  and  enchytraeids  (Robidoux 
et  al.,  2004;  Kuperman,  R.G.,  personal  communication). 
This  implies  the  importance  of  using  a  battery  of  eco- 
toxicological  assays  to  assess  potential  environmental 
impacts  of  new  chemical  compounds.  Further  studies 
are  also  required  to  address  the  potential  long-term 
environmental  impact  of  CL-20  and  its  possible  degra¬ 
dation  products. 

Evidence  from  the  present  and  other  studies  (e.g., 
Robidoux  et  al.,  2004;  Kuperman,  R.G.,  personal 
communication)  also  indicates  that  CL-20  has  a  similar 
ecotoxicological  potency  to  RDX  and  HMX  because 
both  RDX  and  HMX  exhibited  no  or  low  toxicity  to  V. 
fischeri ,  S.  capricornutum  (Sunahara  et  al.,  1998),  soil 
microbial  communities  (Gong  et  al.,  2001,  2002a)  and 
higher  plants  (Harvey  et  al.,  1991;  Best  et  al.,  1999; 
Thompson  et  al.,  1999;  Winfield,  2001;  Rocheleau  et  al., 
2002),  and  they  also  showed  high  reproductive  toxicity 
to  earthworms  (Robidoux  et  al.,  2000,  2001)  as  well  as  a 


high  lethality  to  enchytraeids  (S.  Dodard,  unpublished 
data). 
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Abstract 

Hexanitrohexaazaisowurtzitane  (HNIW )  or  CL-20  is  a  caged  structure  polycyclic  nitramine  that  may  replace  RDX 
and  HMX  as  a  common  use  energetic  chemical.  To  provide  insight  into  the  environmental  fate  of  CL-20  we  photolyzed 
the  chemical  in  a  Rayonet  photoreactor  (254-350  nm)  and  with  sunlight  in  aqueous  solutions.  Previously,  we  found  that 
initial  photodenitration  of  the  monocyclic  nitramine  RDX  leads  to  ring  cleavage  and  decomposition.  Presently,  we 
found  that  photolysis  of  the  rigid  molecule  CL-20  produced  NOh ,  NOf ,  NH3,  HCOOH,  N2  and  N20.  Using  LC/MS 
(ES-)  we  detected  several  key  intermediates  carrying  important  information  on  the  initial  steps  involved  in  the 
degradation  of  CL-20.  The  identities  of  the  intermediates  were  confirmed  using  a  uniformly  ring  labeled  15N-[CL-20], 
When  CL-20  was  photolyzed  in  the  presence  of  H2sO,  D20  or  1802  we  obtained  a  product  distribution  suggesting  that 
the  energetic  chemical  degraded  via  at  least  two  initial  routes;  one  involved  sequential  homolysis  of  N-N02  bond(s)  and 
another  involved  photorearrangement  prior  to  hydrolytic  ring  cleavage  and  decomposition  in  water. 

©  2004  Elsevier  Ltd.  All  rights  reserved. 
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1.  Introduction 

High-density  polynitropolyaza-caged  compounds  are 
new  emerging  chemicals  that  contain  high  energy  and 
has  the  potential  to  be  used  in  several  industrial  and 
military  applications.  A  typical  energetic  chemical  of 
this  family  is  2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hex- 
aazatetracyclo  [5.5.0.05'9.0 ’■ 1 ']  dodecane  (CL-20)  or 
hexanitrohexaazaisowurtzitane  (HNIW),  which  was 
recently  synthesized  by  Nielsen  et  al.(1987,  1990)  and 
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later  adopted  by  Thiokol  for  large-scale  production 
(Wardle  et  al„  1996). 

Previous  practices  involving  the  less  strained  mono- 
cyclic  nitramines  such  as  hexahydro- 1,3, 5-trinitro- 1,3,5- 
triazine  (RDX)  and  octahydro-1, 3,5, 7-tetranitro-l, 3,5,7- 
tetrazocine  (HMX)  including  manufacturing,  testing 
and  training,  demilitarization  and  open  burning/open 
detonation  (OB/OD)  have  resulted  in  severe  soil  and 
groundwater  contamination  (Haas  et  al.,  1990;  Myler 
and  Sisk,  1991).  It  has  been  shown  that  both  monocyclic 
nitramines  RDX  and  HMX  are  modestly  toxic  to 
aquatic  organisms  (Yinon,  1990;  Sunahara  et  ah,  2001; 
Talmage  et  ah,  1999),  earthworms  (Robidoux  et  ah, 
2000,  2001)  and  indigenous  soil  microorganisms  (Suna¬ 
hara  et  ah,  2001;  Gong  et  ah,  2001).  Future  wide  military 
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practices  with  CL-20  may  also  result  in  environmental 
contamination  of  soil  and  groundwater. 

CL-20  is  a  heterocyclic  nitramine,  which,  like  RDX 
and  HMX,  contains  the  characteristic  N-N02  func¬ 
tional  groups  (Fig.  1).  Therefore,  the  three  energetic 
chemicals  RDX,  HMX  and  CL-20  are  expected  to  show 
some  sort  of  similarities  in  their  chemical  (and  even 
enzymatic)  reactions.  However,  CL-20  is  a  polycyclic 
nitramine  characterized  by  having  a  strained  three- 
dimensional  cage  structure,  whereas  RDX  and  HMX 
are  two-dimensional  monocyclic  nitramines  (Fig.  1).  For 
instance,  both  RDX  and  HMX  are  cyclic  oligomers  of 
methylenenitramine,  CH2-N-N02,  ([CH2NN02]3  for 
RDX  and  [CH2NN02]4  for  HMX).  Whereas  CL-20 
contains  the  repeating  unit  CH-N-N02  (Wardle  et  al., 
1996;  Nielsen  et  al.,  1998),  with  characteristic  C  C 
linkages.  Therefore,  we  predict  that  the  above  structural 
differences  can  also  cause  significant  variations  in  the 
degradation  pathway(s)  of  CL-20  front  those  reported 
for  RDX  and  HMX  in  the  environment  (Hawari  et  al., 
2002;  Bhushan  et  al.,  2003a). 

Recently,  we  discovered  that  denitration  of  RDX  by 
photolysis  (Hawari  et  al.,  2002),  hydrolysis  (Balakrish- 
nan  et  al.,  2003)  or  incubation  with  Rhodococcus  sp. 
strain  DN22  (Fournier  et  al.,  2002)  or  a  Cytochrome 
P450  enzyme  (Bhushan  et  al.,  2003b)  lead  to  effective 
decomposition.  The  product  distribution  in  all  previous 
cases  was  basically  similar  and  included  HCHO, 
HCOOH,  NH2CHO,  NH3,  N02 ,  NOT,  and  N20.  We 
concluded  that  once  denitration  takes  place,  RDX 
undergoes  ring  cleavage  and  spontaneous  decomposi¬ 
tion  in  water.  As  far  as  we  are  aware  little  information  is 
available  on  the  photodegradation  of  CL-20  in  solution. 
Pace  and  Kalyanaraman  (1993)  reported  the  cleavage  of 
an  N-N02  bond  during  CL-20  photolysis  by  trapping 
the  generated  N02  radical  in  dimethyl  sulfoxide 
(DMSO)  followed  by  detection  of  the  spin  adduct  using 
ESR  spectroscopy.  No  other  information  on  the  identity 
of  the  degradation  products  was  provided.  On  the  other 
hand,  solid  state  photochemistry  of  the  energetic 
chemical  has  been  reported  by  Pace  (1991)  and  Ryzhkov 
and  McBride  (1996)  and  was  suggested  to  proceed  via 
the  primary  cleavage  of  an  N-N02  bond. 

As  discussed  above  with  RDX  decomposition  follow¬ 
ing  its  photodenitration,  we  predict  that  CL-20,  being 


also  a  cyclic  nitramine  with  C-N-N02  linkages,  can 
undergo  decomposition  following  initial  denitration  in 
water.  Our  objective  in  the  present  study  is  thus  to  test 
the  above  hypothesis  and  photolyze  CL-20  in  aqueous 
and  MeCN/H20  solutions  using  a  Rayonet  photoreac¬ 
tor  (254-350  nrn)  and  sunlight.  We  hope  that  the 
discovery  of  early  intermediate  products  during  photo¬ 
lysis  of  CL-20  can  provide  insight  into  the  degradation 
pathway(s)  of  the  energetic  chemical  and  thus  its 
environmental  fate  and  behavior. 


2.  Materials  and  methods 

2.1.  Chemicals 

CL-20  as  an  e-form  (purity  99.3%  determined  by 
HPLC)  and  ring  labeled  15N-[CL-20]  (purity  90% 
determined  by  HPLC)  were  obtained  from  Thiokol 
Propulsion  (Thiokol  Utah  84302  USA).  Elemental 
composition  of  CL-20  was  determined  on  a  Carlo  Erba 
EA  1108  analyzer  (University  of  Montreal,  QC, 
Canada)  and  was  found  to  be  C  16.84%,  N  37.52%, 
H  1.06%  (calculated  values  for  C6H6N12012:  C  16.45%, 
N  38.36%,  H  1.38%).  Upon  analysis  by  LC-MS(ES-)  we 
detected  an  impurity  (0.5%)  with  a  [M-H]  at  434  Da 
corresponding  to  a  monoacetylated  CL-20.  Acetonitrile, 
formic  acid,  formaldehyde,  D20,  H2sO  and  1802  were 
from  Aldrich,  Canada. 

2.2.  Irradiation  experiments 

A  Rayonet  RPR- 100  photoreactor  fitted  with  a 
merry-go-round  apparatus  (Southern  New  England 
Co,  Hamden,  CT)  equipped  with  either  16  254  nm 
(35  W),  300  nm  (21  W)  or  350  nm  (24  W)  fluorescent 
lamps  were  used  as  light  sources.  In  some  experiments 
photolysis  was  conducted  using  sunlight.  Photolysis  was 
conducted  in  20mL  quartz  tubes  each  charged  with  a 
lOniL  of  aqueous  or  aqueous  acetonitrile  solutions 
(50%v/v)  of  CL-20  (3.5  and  50mg/L,  respectively). 
Acetonitrile  was  added  to  water  to  increase  solubility  of 
CL-20  (3.5mg/L  at  20  °C)  (Groom  et  al.,  2003)  in  an 
attempt  to  generate  sufficient  amounts  of  intermediates 
to  allow  detection. 
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Fig.  1 .  Typical  structures  of  RDX,  HMX  and  CL-20. 
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Photolysis  was  carried  out  in  either  degassed  (Ar 
bubbling)  or  non-degassed  (with  02  or  ls02  bubbling) 
tubes  sealed  with  Teflon-coated  mininert  valves.  Con¬ 
trols  containing  CL-20  were  kept  in  the  dark  during  the 
course  of  the  experiment.  To  determine  the  role  of  water 
in  the  photolysis  process  we  photolyzed  CL-20  (3.5  mg/ 
L)  in  the  presence  of  D20  and  H2sO.  The  temperature  of 
the  reactor  was  maintained  at  25  °C. 

2.3.  Analytical  methods 

A  Bruker  bench-top  ion  trap  mass  detector  attached 
to  a  Hewlett-Packard  1100  Series  HPLC  system 
equipped  with  a  PDA  detector  was  used  to  analyze  for 
CL-20  and  its  intermediates.  The  samples  were  injected 
into  a  5  gm-pore  size  Zorbax  SB-C18  capillary  column 
(0.5mm  ID  by  150mm;  Agilent,  CA)  at  25  °C.  The 
solvent  system  was  composed  of  a  MeCN/water 
gradient  (30%  v/v  to  70%  v/v)  at  a  flow  rate  of  15  pL / 
min.  For  mass  analysis,  ionization  was  performed  in  a 
negative  electrospray  ionization  mode,  ES(— ),  produ¬ 
cing  mainly  the  deprotonated  molecular  mass 
ions  [M-H].  The  mass  range  was  scanned  from  40  to 
550  Da. 

The  concentration  of  CL-20  was  followed  using  an 
HPLC  (Thermo  Separation  Products)  composed  of  a 
pump  (model  P4000),  an  auto  injector  (model  AS1000) 
and  a  photodiode-array  detector  (model  UV6000LP). 
The  sample  was  injected  on  a  Supelcosil  LC-CN  column 
(25cm,  4. 6mm,  5  pm)  maintained  at  35  °C.  The 
solvent  system  consisted  of  isocratic  methanol/water 
mixture  (70%  v/v)  at  a  flow  rate  of  1  mL/min.  The 
detector  was  set  to  scan  from  200  to  350  nm  then  the 
chromatograms  were  extracted  at  a  wavelength  of 
230  nm. 

Formic  acid  (HCOOH),  nitrite  (NOT)  and  nitrate 
(NOL)  were  measured  using  an  HPLC  from  Waters 
(pump  model  600  and  auto-sampler  model  717  plus) 
equipped  with  a  conductivity  detector  (model  430).  The 
acetonitrile  content  of  the  sample  was  removed  under  a 
high  flow  of  helium  before  injection.  The  separation  was 
made  on  a  Dionex  IonPac  AS  15  column  (2  x  250  mm). 
The  mobile  phase  was  30mM  KOH  at  a  flow  rate  of 
0.4mL/min  and  40  °C.  The  detection  of  anions  was 
enhanced  by  reducing  the  background  with  an  auto 
suppressor  from  Altech  (model  DS-Plus).  Detection 
limits  were  lOOppb  for  formate  and  nitrate,  and  250  ppb 
for  nitrite.  Ammonium  cation  was  analyzed  using  a  SP 
8100  HPLC  system  equipped  with  a  Waters  431 
conductivity  detector  and  a  Hamilton  PRP-X200 
(250  mm  x  4.6  mm  x  10  pm)  analytical  cation  exchange 
column  as  described  earlier  (Hawari  et  al.,  2001). 
Analysis  of  N2  and  N20  was  performed  as  previously 
described  (Fournier  et  al.,  2002).  Formaldehyde 
(HCHO)  was  analyzed  as  described  by  Summers 
(1990)  and  Hawari  et  al.  (2002). 


3.  Results  and  discussion 

3.1.  Photodegradation  of  CL-20  in  aqueous  solutions 

We  found  that  photolysis  of  CL-20  in  aqueous 
(3.5mg/L)  or  MeCN/water  (50mg/L)  solutions  (50% 
v/v)  at  either  254,  300  or  350  nm  led  to  the  disappear¬ 
ance  of  the  energetic  chemical,  but  the  presence  of 
MeCN  increased  solubility  of  the  energetic  chemical  and 
consequently  led  to  the  accumulation  of  sufficient 
amounts  of  products  that  facilitated  detection.  The 
removal  of  CL-20  at  300  nm  was  accompanied  with  the 
concurrent  formation  and  accumulation  of  nitrite 
(NOT),  nitrate  (NOL),  ammonia  (NH3)  and  formic  acid 
(HCOOH)  (Fig.  2)  and  trace  amount  of  glyoxal 
(HCOHCO)  was  detected  (data  not  shown).  Nitrogen 
(N2)  and  nitrous  oxide  (N20)  were  detected  in  trace 
amounts.  Apparently  NOJf  was  produced  from  photo¬ 
oxidation  of  N02.  Bose  et  al.  (1998)  reported  that 
photo-oxidation  of  the  cyclic  nitramine  RDX  with 
ozone  at  230  nm  also  produced  nitrate. 

When  photolysis  was  carried  out  at  254  nm  CL-20 
disappeared  rapidly.  For  instance  it  took  approximately 
1  h  to  photodegrade  CL-20  (50mg/L)  at  300  nm  (Fig.  2) 
whereas  it  took  less  than  1  min  to  remove  the  same 
amount  of  CL-20  at  254  nm  in  MeCN/water  solution. 
On  the  other  hand,  photolysis  of  CL-20  at  either  350  nm 
or  with  sunlight  gave  closely  related  product  distribution 
but  at  rates  much  lower  than  those  observed  using  the 
Rayonet  photoreactor  at  shorter  wavelengths  (Fig.  2).  In 
dark  controls  containing  CL-20  in  either  water  or 
MeCN/water  solutions  no  appreciable  reduction  in  the 
concentration  of  the  energetic  chemical  was  observed 
within  the  time  course  of  the  experiment. 

In  general,  we  found  that  the  present  photodegrada¬ 
tion  of  the  caged  structure  polycyclic  nitramine  CL-20 
was  much  more  rapid  than  RDX  (Hawari  et  al.,  2002). 
The  extreme  reactivity  of  CL-20  as  compared  to 
monocyclic  nitramines  has  also  been  noted  during  their 
thermal  decomposition  (Oxley  et  al.,  1994;  Korsounskii 
et  al.,  2000).  Korsounskii  et  al.  (2000)  found  that  the 
thermal  decomposition  of  HMX  and  CL-20  in  solution 
proceeded  via  N-N02  cleavage  with  first-order  rate 
constants  (k)  of  1.6  x  10~5  and  4.4  x  1 0  3  s— respec¬ 
tively.  The  increased  ring  strain  in  CL-20  was  suggested 
to  accelerate  the  decomposition  of  the  energetic  chemi¬ 
cal  as  compared  to  the  less  strained  monocyclic 
nitramines  (Oxley  et  al.,  1994). 

3.2.  Intermediates  and  insight  into  the  mechanisms  of 
initial  reactions 

Fig.  3A-C  represents  the  UV  chromatogram  of  CL-20 
(I)  after  photolysis  at  254,  300  and  350  nm,  respectively. 
As  Fig.  3  show  we  were  able  to  detect  several  suspected 
intermediates  (II  VI)  of  the  energetic  chemical.  The 
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Fig.  2.  A  time  course  study  for  the  photolysis  of  CL-20  (1.20  nmol)  at  300  nm  and  25  °C  in  MeCN/water  solutions  (50%  v/v)  showing 
formation  of  nitrite  (NO2),  nitrate  (NOT),  ammonium  (NLLf)  and  formic  acid  (HCOOH). 


Time  (min) 


Fig.  3.  LC/UV  (230  nm)  chromatogram  of  CL-20  after  photolysis  at  254  nm  for  20  s  (A),  300  nm  for  15min  (B)  and  350  nm  for  6h  (C) 
in  acetonitrile-water  (50%  v/v). 
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suspected  intermediates  were  tentatively  identified  using 
LC/MS(ES— )  as  their  adduct  mass  ([M  +  NOJ"]”)  or 
deprotonated  molecular  ([M-H]-)  mass  ions  (Fig. 
4A-D,  Fig.  5A  and  B). 

3.2.1.  Photorearranged  products 
Peak  I  with  a  retention  time  (r.t.)  of  17.5  min  was  that 
of  CL-20  which  appeared  as  a  nitrate  adduct 
[M  +  NOrn  at  500  Da  (Fig.  4A  and  Fig.  5  la).  Such 
adducts  have  been  detected  during  the  LC/MS(ES— ) 
analysis  of  RDX  (Zhao  and  Yinon,  2002).  Whereas 
peaks  Il-VI  represented  the  intermediate  products  of  I. 
Peak  II,  appearing  at  17.2  min,  was  only  detected  in 
trace  amounts  and  showed  a  [M-H]-  molecular  mass 
ion  at  421  Da,  matching  a  molecular  formula  of 
C6H6NnO||.  The  mass  spectrum  of  11  showed  another 
characteristic  mass  ion  at  484  Da  representing  the 
nitrated  mass  ion  adduct  [M  +  NOL]-.  Using  the  ring 
labeled  15N-CL-20  the  previously  detected  mass  ions 
(421  and  484  Da)  for  II  were  observed  at  427  and  490  Da 
(an  increase  of  6amu),  respectively,  suggesting  the 
involvement  of  the  six  15N-ring  atoms  of  the  inter¬ 
mediate  (Fig.  5b).  We  tentatively  identified  II  as  the 


mononitroso  derivative  of  CL-20  (Fig.  4B  and  Fig.  5IIa 
and  b).  This  peak  was  observed  when  photolysis  was 
carried  out  at  both  254  and  300  nm,  although  at  higher 
concentration  in  the  former  case  (Fig.  3).  It  has  been 
reported  that  thermolysis  (Shu  et  al.,  2002)  and 
photolysis  (Peyton  et  al.,  1999)  of  RDX  can  lead  to 
the  formation  of  the  nitroso  product  via  homolysis  of  an 
N-N02  bond  followed  by  a  secondary  reaction  that 
involved  the  generated  N  centered  species  and  nitric 
oxide  (NO).  Also  RDX  (Zukermann  et  al.,  1987; 
Capellos  et  al.,  1989)  and  HMX  (Zukermann  et  al., 
1987)  have  been  reported  to  photodissociate  to 
produce  OH  radical  via  a  five  membered  ring  inter¬ 
mediate  formed  by  a  transfer  of  H  from  a  a-CH  to  one 
of  the  two  oxygens  in  a  N-N02  (1,5-H  shift)  bond  in  the 
molecule.  The  subsequent  loss  of  OH  from  the  five 
membered  ring  would  yield  a  product  with  a  nitroso 
functionality.  We  presumed  that  both  rearrangements 
described  above  for  monocyclic  nitramines  RDX  and 
HMX  might  also  be  applicable  to  polycyclic  nitramines 
such  as  CL-20. 

The  other  two  small  peaks  III  and  IV  which  appeared 
at  a  r.t.  of  15.2  and  14.1  min,  respectively,  each  showed  a 


Fig.  4.  LC/MS  (ES-)  extracted  ion  chromatograms  of  CL-20  and  its  products  after  photolysis  at  300  nm.  Extracted  mass  ion  adducts 
[M  +  NOf]  were  500  Da  (A,  I),  484  Da  (B,  II)  and  deprotonated  mass  ion  [M-H]  were  408  Da  (C,  III  and  IV)  and  345  Da  (D,  V  and 

VI). 
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Fig.  5.  LC/MS  (ES-)  spectra  of  CL-20  (I)  and  its  initial  intermediates  (II  to  VI)  observed  during  photolysis  at  300  nm  in  MeCN/H20 
(50%  v/v),  (a)  from  non-labeled  and  (b)  from  uniformly  ring  labeled  15N-[CL-20]. 


[M-H]  at  408  Da  matching  a  molecular  formula  of 
C6H7N„0„  (Fig.  4C  and  Fig  5111a  and  IVa).  Also  a 
characteristic  mass  ion  at  471  Da  appeared  for  each  of 
the  two  products  (III  and  IV),  representing  a  nitrate 
molecular  mass  ion  adduct  [M  +  NOJ]-.  When  we 
photolyzed  the  ring  labeled  15N-[CL-20]  the  previously 
detected  mass  ions  for  III  and  IV  were  observed  at 
414  Da  (an  increase  of  6amu),  suggesting  once  again  the 
presence  of  the  6  15N  ring  atoms  in  each  of  the  two 
intermediates  (Fig.  5b).  We  tentatively  identified  the 
intermediates  as  either  a  photorearranged  carbinol  (Ill) 
or  a  rearranged  ketone  (IV)  formed  via  initial  loss  of 
1NO  from  CL-20  and  the  gain  of  1H  from  water 
(Fig.  6).  Bulusu  et  al.  (1970)  reported  similar  rearrange¬ 


ments  during  electron  impact — spectrometric  analysis  of 
cyclic  nitramines. 

When  photolysis  was  conducted  in  either  H2sO  or 
D20  the  408  Da  intermediate  was  observed  at  408  and 
409  Da,  respectively,  suggesting  that  water  acted  as  H 
(or  D)  donor  during  its  reaction  with  CL-20  (Fig.  6). 
Whereas  the  presence  of  1802  during  photolysis  did  not 
affect  the  detected  mass  ions,  but  we  detected  the  labeled 
180  in  nitrate  (N1801602  )  only. 

3.2.2.  Cleavage  of  N-NO2 

The  two  LC/MS  peaks  V  and  VI,  with  retention  times 
at  6.9  and  7.9  min,  respectively,  showed  the  same 
[M-Hp  at  345  Da  each  matching  a  molecular  formula 
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HCOOH  +  N02‘  +  NH3 


Fig.  6.  Postulated  photorearrangement  routes  of  CL-20  at 
300 nm  in  MeCN/water  (50%  v/v). 


of  C6H6N10O8  (Fig.  4D  and  Fig.  5Va  and  Via).  Once 
again  when  we  photolyzed  the  ring  labeled  15N-[CL-20] 
the  two  intermediates  V  and  VI  showed  their  [M-H]  at 
351  Da  (an  increase  of  6amu),  suggesting  the  involve¬ 
ment  of  6  15N  atoms  in  the  formation  of  each  product 
(Fig.  5b).  We  tentatively  identified  V  and  VI  as  a  pair  of 
isomers  of  the  diene  products  formed  after  the  successive 
loss  of  two  nitro  groups  from  CL-20  (Fig.  7). 

We  also  detected  an  intermediate  with  a  r.t.  at  2.0  min 
and  a  [M-H]-  at  381  Da  with  a  characteristic  mass  ion 
fragment  at  190  Da,  matching  a  molecular  formula  of 
CfiHioNioO^.  Photolysis  of  CL-20  in  either  H2sO  or 
D20  the  381  Da  product  appeared  at  385  Da  and  its 


Fig.  7.  Postulated  photodenitration  routes  of  CL-20  at  300  nm 
in  an  aqueous  acetonitrile  solution. 


mass  ion  fragment  at  192  Da,  suggesting  that  2H20 
molecules  reacted  with  the  former  product  (V)  (Fig.  8). 
When  photolysis  was  repeated  in  the  presence  of  ls02  no 
180  was  detected  in  either  intermediate.  The  intermedi¬ 
ate  was  tentatively  identified  as  the  hydrolytic  ring 
cleavage  product  (VII)  of  the  diene  V  (or  VI)  (Fig.  8). 
Previously  we  found  that  the  above  intermediates, 
particularly  V  and  VI  were  detected  following  initial 
denitration  of  I  during  incubation  with  the  one  electron 
transfer  enzyme  salicylate  monooxygenase  (Bhushan 
et  al.,  2004).  In  addition  we  found  that  following 
photodenitration  of  the  cyclic  nitramine  RDX,  H20 
reacts  with  the  generated  enamine  bond  (-C  =  N— )  to 
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HCOOH 


+  N02  + 


NH3 


Fig.  8.  Postulated  secondary  decomposition  routes  following  initial  denitration  of  CL-20. 


produce  an  unstable  carbinol  that  dissociates  rapidly  in 
water  to  HCHO,  N20  and  4-nitro-2,4-diazabutanal 
(Hawari  et  al.,  2002).  We  thus  suggested  that  a  similar 
pathway  might  have  been  responsible  for  the  formation 
of  VII  during  the  photolysis  of  the  polycyclic  nitramine 
CL-20  (Fig.  8). 

3.3.  Reaction  stoichiometry  and  regioselectivity  of 
denitration 

Fig.  2  shows  that  the  initial  disappearance  of  the 
energetic  chemical  at  300  nm  (0.168  pmolmin-1)  was 
accompanied  with  the  formation  of  NOJ 
(0.237  pmol  min-1),  HCOOH  (0.219  gmolmin-1)  and 
NH3  (0.011  gmol  min-1).  The  formation  of  N02  and 
HCOOH  was  concurrent  with  the  disappearance  of  CL- 
20,  but  NH3  seemed  to  appear  only  after  5  min  of 
photolysis.  The  delay  in  the  detection  of  NH3  as  shown 
in  Fig.  2  was  best  explained  as  due  to  the  involvement  of 
the  inner  aza  N  in  its  formation  which  first  necessitated 
ring  cleavage  following  denitration. 

After  16h,  the  reaction  stoichiometry  for  the  reacted 
CL-20  (1.2|rmol)  was  6. 1 1  pmol  for  NOL  and  NOL, 
1.65  pmol  for  NH3  and  6.34  gmol  for  HCOOH,  suggest¬ 
ing  that  approximately  five  of  six  peripheral  N02  and 


5.3  of  Cs  in  CL-20  were  detected  in  the  form  of  NOL 
and  HCOOH,  respectively.  The  remaining  N  (mainly 
ring  aza)  were  apparently  involved  in  the  production 
of  N20  (0.267  pmol),  N2  (trace)  and  unidentified 
products. 

The  rapid  initial  formation  of  nitrite  and  most 
importantly  HCOOH  was  more  likely  attributed  to  an 
initial  denitration  step  followed  by  a  rapid  ring  cleavage 
possibly  at  the  elongated  C  C  bond  bridging  the  two 
cyclopentane  rings  (Fig.  7).  We  suggested  that  following 
homolysis  of  an  N-N02  bond,  the  resulting  N-centered 
free  radical  would  undergo  a  rapid  rearrangement  to  get 
rid  of  the  strained  rigid  structure  with  the  loss  of  another 
N02  radical  to  give  the  diene  V  (or  its  isomer  VI) 
(Fig.  7).  Patil  and  Brill  (1991)  reported  that  following 
N-N02  homolytic  cleavage  of  CL-20  the  molecule  could 
undergo  rapid  ring  opening  to  rid  itself  from  the  strained 
rigid  structure.  The  diene  V  (Fig.  7)  has  two  reactive 
ally  lie  N-N02  bonds  that  might  also  undergo  rapid 
homolytic  cleavage  with  light,  supporting  the  rapid 
release  of  4NOJ  as  nitrite  ion  during  the  first  10  min  of 
photolysis  (Fig.  2).  Several  researchers  studied  the 
regioselectivity  of  cleaving  the  N-NCL  bond  during 
photolysis  of  CL-20  in  the  solid  phase  (Pace,  1991; 
Ryzhkov  and  McBride,  1996)  and  concluded  that  one  of 


J.  Hawari  et  al.  /  Water  Research  38  ( 2004 )  4055-4064 


4063 


the  N-NO2  bonds  located  at  one  of  the  two  cyclopen¬ 
tane  rings  in  CL-20  are  preferentially  cleaved.  The 
formation  of  NCU  during  photolysis  of  CL-20  can  be 
achieved  by  either  concerted  elimination  of  HONO  or 
direct  homolysis  of  an  N-N02  bond.  Such  reactions 
have  been  frequently  reported  to  occur  during  photo¬ 
lysis  of  RDX  and  HMX  (Hawari  et  al.,  2002;  Peyton 
et  al.,  1999;  Zukermann  et  al.,  1987;  Capellos  et  al., 
1989).  The  energy  associated  with  254  and  300  nni  is  472 
and  400  kJ  mol-1,  respectively,  and  therefore  either 
wavelength  should  be  sufficient  to  cleave  the  N-NCL 
bond(s)  (BDE  204.9  kJmol”1)  in  CL-20  (Behrens  and 
Bulusu,  1991). 

The  secondary  reactions  responsible  for  the  formation 
of  products  such  as  HCOOH,  NH3  and  N2  are  not  clear 
yet.  However,  we  presumed  that  the  decomposition  of 
the  unstable  diols  (VII)  (Fig.  8)  of  the  diene  V  (or  its 
isomer  VI)  would  lead  to  their  formation.  Likewise  the 
hydrolytic  decomposition  of  either  intermediate  III  or 
IV  (Fig.  6)  could  lead  to  HCOOH,  NH3  and  NOL. 
Interestingly,  when  we  hydrolyzed  CL-20  at  pH  10  we 
found  that  the  removal  of  the  nitramine  was  accom¬ 
panied  by  the  formation  of  two  molar  equivalents  of 
NO2,  NH3  and  HCOOH,  respectively  (Balakrishnan 
et  al.,  2003).  More  recently  Bhushan  et  al.  (2003c) 
showed  that  a  denitrifying  bacteria  ( Pseudomonass  strain 
FA1)  can  also  degrade  the  energetic  chemical  via  initial 
enzymatic  denitration  to  produce  nitrite,  nitrous  oxide 
and  HCOOH.  The  striking  similarity  in  the  product 
distribution  of  the  present  photolysis  study  and  those  of 
the  alkaline  hydrolysis  (Balakrishnan  et  al.,  2003)  and 
biodegradation  of  CL-20  (Bhushan  et  al.,  2003c,  2004) 
suggested  that  initial  denitration  whether  chemical, 
photochemical  or  enzymatic  is  sufficient  to  decompose 
the  energetic  chemical  to  produce  almost  similar 
products. 


4.  Conclusions 

In  conclusion,  photolysis  of  CL-20  at  300 11m  led  to 
rapid  decomposition  and  the  formation  of  nitrite  and 
HCOOH  in  almost  stoichiometric  amounts  after  16h. 
Reaction  at  shorter  wavelengths  (/i^nm)  was  much 
more  rapid,  but  reaction  at  longer  wavelengths  (2.350  nni 
or  sunlight)  was  much  slower.  Following  the  detection 
of  several  transient  intermediates  we  suggested  that 
initial  photorearrangement  and  homolysis  of  one  of  the 
N-N02  bond(s)  might  have  been  responsible  for  the 
decomposition  of  CL-20.  However,  we  were  unable  to 
quantify  the  relative  importance  of  each  route  in  the 
decomposition  process.  The  discovery  of  several  CL-20 
intermediates  and  the  knowledge  gained  on  their 
reactions  should  provide  insight  into  the  mechanism  of 
CL-20  photodecomposition  and  thus  help  predict  the 
environmental  fate  and  impact  of  the  energetic  chemical. 
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Abstract 

CL-20  is  a  polycyclic  energetic  nitramine,  which  may  soon  replace  the  monocyclic  nitramines  RDX  and  HMX,  because  of  its  superior 
explosive  performance.  Therefore,  to  predict  its  environmental  fate,  analytical  and  physico-chemical  data  must  be  made  available.  An  HPLC 
technique  was  thus  developed  to  measure  CL-20  in  soil  samples  based  on  the  US  Environmental  Protection  Agency  method  8330.  We  found 
that  the  soil  water  content  and  aging  (21  days)  had  no  effect  on  the  recoveries  (>92%)  of  CL-20,  provided  that  the  extracts  were  kept  acidic 
(pH  3).  The  aqueous  solubility  of  CL-20  was  poor  (3.6mgl_1  at  25  °C)  and  increased  with  temperature  to  reach  18.5  mgl-1  at  60°C.  The 

octanol-water  partition  coefficient  of  CL-20  (log  Xow  =  1.92)  was  higher  than  that  of  RDX  (log  X0w  =  0.90)  and  HMX  (log  X0w  =  0.16), 

indicating  its  higher  affinity  to  organic  matter.  Finally,  CL-20  was  found  to  decompose  in  non-acidified  water  upon  contact  with  glass  contain¬ 
ers  to  give  NCT-  (2  equiv.),  NiO  (2  equiv.),  and  1 1C  GO  (2  equiv.).  The  experimental  findings  suggest  that  CL-20  should  be  less  persistent 
in  the  environment  than  RDX  and  HMX. 

©  2003  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Past  and  present  high-scale  manufacturing,  use,  and  dis¬ 
posal  of  explosives  have  resulted  in  severe  environmental 
contamination  [1].  Explosives  such  as  the  cyclic  nitramines, 
RDX  (hexahydro-l,3,5-trinitro-l,3,5-triazine)  and  HMX 
(octahydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine)  (Fig.  1), 
are  toxic  to  various  terrestrial  and  aquatic  receptors  [2,3], 
and  the  provision  of  chemical  and  analytical  data  on  their 
transport  and  transformation  mechanisms  in  soil  has  been  the 
subject  of  extensive  study.  Due  to  their  high  energy  content, 
polynitropolyaza-caged  compounds  seem  more  attractive 
than  the  presently  used  RDX  and  HMX.  A  typical  energetic 
chemical  of  this  family  is  2,4,6,8,10,12-hexanitro-2,4,6,8, 
10,12-hexaazatetracyclo[5.5.0.05'9.03'U]dodecane  or  hexa- 
nitrohexaazaisowurtzitane  (HNIW),  commonly  known  as 
CL-20  (Fig.  1),  which  was  synthesized  by  Nielsen  [4]  and 
later  adopted  by  Thiokol  for  pilot  scale  production  [5]. 
Because  of  its  superior  ballistic,  detonation  and  explosive 
performance,  CL-20  may  soon  replace  RDX  and  HMX. 
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However,  to  limit  the  consequences  of  its  use,  the  environ¬ 
mental  fate,  transport  and  impact  of  CL-20  should  first  be 
thoroughly  understood. 

Prediction  of  the  environmental  fate  (transport  and  trans¬ 
formation)  of  a  new  chemical  such  as  CL-20  requires  accu¬ 
rate  analysis  of  the  compound  and  its  degradation  products  in 
both  water  and  soil  samples.  The  stability  of  the  compound 
while  being  manipulated  and  analyzed  should  be  well  char¬ 
acterized.  Moreover,  physico-chemical  parameters  such  as 
the  octanol-water  partition  coefficient  (Ko w),  the  aqueous 
solubilities  and  the  soil  sorption  coefficients  ( )  must  be¬ 
come  known  in  order  to  foresee  both  bioaccumulation  in  ter¬ 
restrial  and  aquatic  biota  and  migration  through  subsurface 
soil  that  causes  groundwater  contamination  [6].  CL-20  is  a 
relatively  new  compound  and  most  of  its  physico-chemical 
parameters  have  yet  to  be  determined.  The  objectives  of 
the  present  study  were  threefold:  first,  to  provide  the  reader 
with  an  optimized  analytical  method  to  quantify  CL-20  in 
aqueous  and  soil  matrices;  second,  to  make  data  available 
on  its  aqueous  solubility  at  different  temperatures  (5-60  °C) 
as  well  as  its  octanol/water  partition  and  soil  sorption  coef¬ 
ficients;  and  finally,  to  provide  insight  into  the  stability  of 
CL-20  in  water. 
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Fig.  1.  Structural  formulae  of  nitramine  explosives  (for  clarity  protons  are  omitted). 


2.  Experimental 

2.1.  Materials 

CL-20  (purity  99.3%,  determined  by  HPLC)  was  ob¬ 
tained  from  A.T.K.  Thiokol  Propulsion  (Brigham  City, 
UT,  USA),  as  an  e-form  (>95%  as  determined  by  IR). 
Elemental  composition  was  determined  on  a  Carlo  Erba 
EA  1108  analyzer  and  was  found  to  be  C  (16.84%),  N 
(37.52%),  H  (1.06%)  (calculated  values  for  C6H6N12Oi2: 
C  (16.45%),  N  (38.36%),  H  (1.38%)).  RDX  and  HMX 
(with  a  purity  >99%)  were  provided  by  Defense  Re¬ 
search  and  Development  Canada  (DRDC),  Valcartier,  Que., 
Canada. 

H ydroxy propy  l-(3-cyc lodcxtri n  (HP-(3-CD)  and  heptakis- 
2,6-di-0-methyl-(3-cyclodextrin  (DM-(3-CD)  were  obtained 
from  Aldrich.  Reagent  grade  inorganic  chemicals  (CaCL, 
NaHSO/t,  H2SO4)  were  used  as  well  as  deionized  Milli- 
Quv  plus  (Millipore)  water.  The  solvents  used  were  acetoni¬ 
trile  (CH3CN,  HPLC  grade)  and  methanol  (CH3OH,  HPLC 
grade)  from  J.T.  Baker,  acetone  (CH3COCH3,  HPLC  grade) 
from  Fisher  and  octan-l-ol  from  Aldrich. 

The  soil  (Sassafras  Sandy  Loam,  referenced  as  SSL)  was 
sampled  in  an  uncontaminated  open  grassland  on  the  prop¬ 
erty  of  US  Army  Aberdeen  Proving  Ground  (Edgewood, 
MD,  USA).  It  has  a  particle  size  distribution  of  11%  clay 
(<2pm),  18%  silt  (2-53  pm),  and  71%  sand  (>53  pm),  a 
pH  of  5.1,  a  cation  exchange  capacity  of  5.0meq./100g  and 
a  total  organic  carbon  content  of  0.33%. 

2.2.  HPLC  analysis  of  CL-20 

CL-20  stock  standard  solutions  (10gl_1)  and  inter¬ 
mediate  standard  solutions  (100,  10,  1,  O.lmgl-1)  were 
prepared  in  acetonitrile  and  stored  at  4°C  in  16  ml  glass 
tubes  equipped  with  PTFE-coated  screw  caps  and  wrapped 
with  aluminum.  Calibration  standards  at  a  minimum  of  five 
concentrations  (0.05-25  mg  l-1)  were  prepared  by  dilut¬ 
ing  the  intermediate  standard  solutions  to  yield  solutions 
containing  acidified  water  (0.2  g  1“ 1  sodium  bisulfate)  and 
acetonitrile  in  a  50:50  (v/v)  ratio. 

Aqueous  samples  were  diluted  with  acidified  (250  pi 
concentrated  ^SCLl-1)  CH3CN  to  give  a  CH3CN- water 
(50:50  (v/v))  mixture.  If  analysis  could  not  be  performed 


on  the  day  of  preparation,  samples  were  stored  at  4°C  away 
from  light. 

For  soil  samples,  US  Environmenal  Protection  Agency 
(EPA)  SW-846  method  8330  [7]  was  used  with  slight 
modification.  Dried  soil  (2.0  g)  was  weighed  into  16  ml 
glass  tubes  with  PTFE-lined  caps.  Samples  and  associated 
quality-control  samples  were  spiked  with  surrogate  (RDX) 
and  CL-20  solutions  in  acetone  to  get  concentrations  of  CL- 
20  in  soil  ranging  from  1  to  10  000  mg  kg-1.  Solvent  was 
allowed  to  evaporate  overnight  in  the  fume-hood  before  sub¬ 
sequent  extraction  by  CH3CN  (10  ml/each  tube)  using  soni- 
cation  at  20  °C  for  18  h.  After  centrifugation  at  1 170  x  g  for 
30  min,  a  volume  of  supernatant  (5  ml)  was  combined  with 
5  ml  of  a  CaCL-NaHSCL  aqueous  solution  (5  and  0.2  g  P  1 , 
respectively)  instead  of  the  usual  solution  of  calcium  chlo¬ 
ride.  The  resulting  sample  was  shaken,  allowed  to  stand  for 
30  min  and  filtered  through  a  0.45  pm  Millipore  PTFE  filter, 
discarding  the  first  3  ml.  The  filtrate  was  analyzed  by  HPLC. 

In  order  to  assess  the  effect  of  water  on  the  extraction 
efficiency,  some  samples  were  supplemented  with  water 
(0.353  ml  (15%  (w/w))  or  2  ml  (50%  (w/w)))  following  ace¬ 
tone  evaporation.  One  third  of  the  samples  were  extracted 
immediately,  a  second  third  after  being  stored  at  10  °C  and 
in  the  dark  for  7  days,  and  the  final  third  after  being  stored 
for  21  days  under  similar  conditions. 

The  CL-20  concentration  was  analysed  by  HPLC  using  a 
chromatographic  system  (ThermoFinningan,  San  Jose,  CA, 
USA)  composed  of  a  Model  P4000  pump,  a  Model  AS3000 
injector,  including  temperature  control  for  the  column,  and  a 
Model  UV6000LP  Photodiode- Array  Detector.  The  separa¬ 
tion  was  completed  on  a  Supelcosil  LC-CN  column  (25  cm  x 
4.6  mm,  5  pm;  Supelco,  Oakville,  Canada)  maintained  at 
35  °C.  The  mobile  phase  (70%  aqueous  methanol)  was  run 
isocratically  at  1  ml/min  for  the  entire  run  time  of  14  min. 
The  detector  was  set  to  scan  from  200  to  350  nm.  Chro¬ 
matograms  were  extracted  at  a  wavelength  of  230  nm  with 
quantification  taken  from  peak  areas  of  external  standards. 
Peaks  were  identified  by  comparison  with  elution  times  for 
external  standards  and  UV  spectra.  The  injection  volume 
was  50  pi. 

The  concentrations  of  RDX  and  HMX  were  determined 
using  a  reversed-phase  HPLC  connected  to  a  photodiode 
array  detection  (DAD)  system,  as  described  previously  for 
RDX  [8], 
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2.3.  Determination  of  aqueous  solubility  as  a  function  of 
temperature 

The  solubilities  (5)  of  CL-20,  RDX  and  HMX  were  de¬ 
termined  in  water  at  temperatures  (7)  of  5,  10,  15,  20,  25, 
30,  40,  50  and  60  °C  according  to  the  procedure  described 
by  Lynch  et  al.  [9],  An  excess  amount  of  explosive  (0.015  g) 
was  added  to  100  ml  of  deionized  water  (pH  5.5)  in  a  glass 
bottle.  The  samples  were  stirred  at  200  rpm  and  at  the  re¬ 
quired  temperature  in  a  thermostated  bath  (Innowa  3000 
(New  Brunswick  Sci.)),  away  from  light.  After  a  48  h  stirring 
period,  the  suspension  was  filtered  and  diluted  1:1  in  acidi¬ 
fied  acetonitrile  (pH  3).  The  resulting  solution  was  analyzed 
by  HPLC.  All  experiments  were  performed  in  triplicate. 

The  solubility  of  CL-20  was  also  measured  in  the  presence 
of  two  cyclodextrins  (CDs):  hydroxypropyl-(3-cyclodextrin 
(HP-(3-CD)  and  heptakis-2,6-di-0-methyl-|3-cyclodextrin 
(DM-(3-CD).  An  excess  of  CL-20  (300  mg  l-1)  was  com¬ 
bined  with  increasing  concentrations  of  cyclodextrin  (0-5% 
(w/v))  and  solubility  was  measured  after  18  h  of  equilibra¬ 
tion  at  room  temperature  (21  ±  2  °C). 

2.4.  Determination  of  n-octanol/water  partition  coefficient 

Partition  coefficients  were  measured  at  21  ±  2°C  as  de¬ 
scribed  in  the  OECD  Guideline  107  [10].  A  preliminary  Xow 
measurement  was  done  with  RDX  to  check  the  need  to  satu¬ 
rate  octanol  with  water  and  water  with  octanol  before  doing 
the  actual  measurement.  Similar  results  were  obtained  with 
saturated  (log  Xow  =  0.90)  and  non-saturated  (log  Xow  = 
0.90)  solvents.  Thus,  the  measurements  were  performed  with 
non-saturated  solvents.  Various  volumes  (3  or  4  ml)  of  an 
aqueous  solution  of  explosive  (CL-20:  3 .48  mgl-1;  HMX: 
4.01  mgl-1;  RDX:  11.20 mgL1)  were  added  to  octan-l-ol 
(2  or  3  ml)  in  a  16  ml  PTFE-lined  capped  glass  tube.  The 
mixtures  were  equilibrated  for  four  10  min  shaking  periods 
spaced  10  min  apart.  The  tubes  were  centrifuged  for  10  min 
at  1170  x  g.  The  concentration  of  the  substrate  in  water 
was  determined  by  HPLC  as  described  above.  The  octanol 
fraction  was  diluted  (1:3)  with  a  solution  containing  70% 
methanol  in  water  and  the  concentration  of  CL-20  was  de¬ 
termined  by  HPLC.  Experiments  were  run  in  triplicate. 

2.5.  Determination  of  RDX,  HMX  and  CL-20  K,j  values 
with  SSL  soil 

Batch  sorption  experiments  were  conducted  at  ambient 
temperature  (21  ±2  °C)  for  72  h.  A  solution  (15  ml)  of  RDX, 
HMX  or  CL-20  (0.5^10 mgl-1  for  RDX;  0.5-4 mgr1  for 
HMX  and  CL-20)  was  agitated  with  2  g  dried  SSL  soil  in  a 
16  ml  borosilicate  centrifuge  tubes  fitted  with  PTFE-coated 
screw  caps,  away  from  light  and  at  430  rpm  (Model  75  Wrist 
Action  shaker;  Burrell,  Pittsburgh,  PA,  USA).  After  centrifu¬ 
gation  at  1170  x  g  for  30  min,  the  supernatant  was  filtered 
through  a  Millex-HV  0.45  p,m  filter  (Millipore,  Bedford, 
MA,  USA),  and  analyzed  by  HPLC  after  discarding  the  first 


3  ml.  The  remaining  pellet  was  extracted  with  acetonitrile 
to  measure  the  amount  of  sorbed  explosive.  The  respective 
isotherms  (i.e.  sorbed  amount  in  |xgg~  1  as  a  function  of  the 
equilibrium  concentration  in  mgl-1)  were  plotted  and  the 
K&  values  were  obtained  from  the  slopes  of  linear  isotherms. 

2.6.  Stability  of  CL-20  in  solution 

The  stability  of  CL-20  was  determined  in  aqueous  and 
aqueous  acetonitrile  solutions  as  a  function  of  temperature. 
In  aqueous  acetonitrile  media,  the  solutions  (2.5 mgl-1) 
were  allowed  to  sit  at  either  10  °C  or  ambient  tempera¬ 
ture  (21  ±  2°C)  for  7  days  and  samples  were  periodically 
analyzed  for  CL-20  by  HPLC.  In  water,  the  solutions 
(3.5 mgl-1)  were  agitated  in  PTFE-capped  glass  headspace 
vials  at  150  rpm  at  either  30  °C  or  ambient  temperatures 
(21  ±  2°C).  Vials  were  sampled  periodically  over  14  days 
to  measure  the  suspected  CL-20  degradation  product  N2O 
in  the  headspace  and  other  products  such  as  nitrite  (NO2-), 
nitrate  (NO3-)  and  formate  (HCOO-)  in  the  liquid.  N2O 
analyses  were  carried  out  as  described  by  Sheremata  and 
Hawari  [11].  Analyses  of  nitrite,  nitrate  and  formate  were 
performed  by  ion  chromatography  (IC)  equipped  with  a 
conductivity  detector.  The  Waters  IC  system  consisted  of 
a  Model  600  Pump,  a  Model  717  Autosampler  Plus,  and  a 
Model  430  conductivity  detector.  Separation  was  performed 
on  a  Dionex  IonPac  AS  15  column  (250  mm  x  2  mm).  The 
mobile  phase  was  30 mM  KOH  (aq.)  at  a  flow  rate  of 
0.4  ml  min-1  at  40  °C.  The  detection  of  anions  was  en¬ 
hanced  by  reducing  the  background  with  a  Model  DS-Plus 
autosuppressor  from  Altech.  Detection  limits  were  150  ppb. 

In  another  experiment,  the  stability  of  CL-20  in  water 
was  measured  at  ambient  temperature  (21  ±  2  °C)  using  two 
types  of  frequently  encountered  container  materials  (glass 
or  polypropylene),  under  static  or  agitated  conditions.  The 
aqueous  CL-20  solution  was  added  to  either  16  ml  borosil¬ 
icate  centrifuge  tubes  fitted  with  PTFE-coated  screw  caps, 
or  15  ml  polypropylene  centrifuge  tubes.  All  tubes  were 
wrapped  in  aluminum  foil.  Half  the  tubes  were  then  agi¬ 
tated  on  a  Wrist  Action  shaker  at  430  rpm  (Burrell),  while 
the  other  half  were  allowed  to  remain  static.  Tubes  were 
sampled  periodically  over  28  days  for  analysis  by  HPLC. 
These  experiments  were  conducted  in  triplicate. 

3.  Results  and  discussion 

3.1.  Quantification  of  CL-20  in  aqueous  and  soil  samples 

Because  explosives  are  often  applied  as  mixtures,  it  is 
important  to  establish  conditions  that  permit  a  good  sep¬ 
aration  amongst  CL-20  and  other  energetic  chemicals. 
Analysis  by  HPLC  of  a  mixture  containing  RDX,  HMX 
and  CL-20  using  the  previously  mentioned  conditions  gave 
a  well  resolved  chromatogram  with  retention  times  of  4.8, 
5.9  and  8.3  min,  respectively  (Fig.  2).  Peak  areas  were  used 
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Fig.  2.  A  typical  HPLC  chromatogram  showing  separation  of  CL-20  from  RDX  and  HMX.  Column:  LC-CN;  mobile  phase:  water-methanol  (30:70); 
flow  rate:  1ml  min-1;  detection:  DAD  (A.  =  230  nm). 


to  quantify  chromatographic  signals  and  excellent  linearity 
was  obtained  over  the  entire  range  of  CL-20  concentrations 
used  (0.05-25  mg  r1)  (y  =  6.4864  x  105jc;  R2  =  0.99996). 
The  instrumental  detection  limit  (IDL)  and  the  instrumental 
quantification  limit  (IQL)  were  found  to  be  3  and  9  p.gl_1, 
respectively  (R.S.D.  =  3.8%,  n  —  10). 

Larson  et  al.  [12]  recently  published  an  HPLC  method 
for  analyses  of  CL-20  in  water  and  soil  samples  but  the 
susceptibility  of  CL-20  to  decomposition  has  not  been 
reported.  For  instance,  we  found  that  CL-20  degrades  sig¬ 
nificantly  in  aqueous  acetonitrile  media  (Fig.  3),  and  that 
degradation  is  more  rapid  at  21  °C  (65%  after  7  days)  than 
at  10  °C  (8%  after  7  days).  We  also  found  that  decomposi- 
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Fig.  3.  Effect  of  acidification  and  temperature  on  the  stability  of  CL-20 
in  water/acetonitrile  (50/50)  media. 


tion  can  be  significantly  reduced  by  acidifying  the  medium 
to  pH  3  (Fig.  3).  Therefore,  in  order  to  avoid  a  possible 
degradation  of  CL-20,  all  aqueous  samples  should  be  an¬ 
alyzed  after  a  50:50  (v/v)  dilution  with  acidified  CH3CN. 
CL-20  is  a  weak  acid  that,  upon  losing  one  of  its  labile  pro¬ 
tons,  can  undergo  successive  degradation  steps.  It  hydro¬ 
lyses  in  water  under  rather  mild  alkaline  conditions.  Since 
acetonitrile  is  known  to  be  a  more  powerful  proton  accep¬ 
tor  than  water  [13],  it  may  favor  the  initial  deprotonation 
of  CL-20  and  hence  cause  decomposition  even  in  neutral 
media.  Acidification  of  the  media  prevents  the  removal 
of  the  labile  proton  from  CL-20,  thereby  stabilizing  the 
chemical. 

In  the  case  of  soil  samples,  extraction  was  performed  as 
described  in  US  EPA  SW-846  method  8330  [7],  As  a  con¬ 
sequence  of  the  instability  of  CL-20  observed  in  aqueous 
acetonitrile  media,  the  extract  was  added  to  a  solution  of 
CaCb  containing  0.2gl_1  of  sodium  bisulfate  to  bring  the 
solution  pH  to  3.  The  method  detection  limit  (MDL)  and 
the  method  quantification  limit  (MQL)  were  determined  and 
found  to  be  0.06  and  0.20  mg  kg^1,  respectively  (n  =  10; 
R.S.D.  =  10.7%).  CL-20  recoveries  were  found  to  stand 
within  the  interval  83%  <  R  <  113%  (n  =  20,  S.D.  = 
4.9%,  average  =  97.9%). 

Single  laboratory  precision  method  and  recovery  data  are 
gathered  in  Table  1  for  soil  samples  spiked  with  different 
concentrations  of  CL-20.  Precision  was  good  for  replicate 
analyses  and  excellent  recoveries  (96-106%)  were  obtained 
over  a  wide  range  of  concentrations.  The  addition  of  water 
(0,  0.353,  or  2  ml  of  water,  corresponding  to  soils  containing 
0,  15,  or  50%  moisture)  did  not  affect  the  extracted  amounts 
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Table  1 

Recovery  data  for  soil  samples  spiked  with  different  concentrations  of  CL-20 


Nominal  concentration 
(mgkg~*) 

Water 

(%) 

Measured  concentration 
(mgkg~‘) 

S.D. 

(«  =  3) 

R.S.D. 

(%) 

Mean 

recovery  (%) 

1.00 

0 

1.040 

0.156 

14.990 

104.0 

15 

1.015 

0.021 

2.041 

101.5 

50 

1.000 

0.028 

2.771 

100.0 

5.00 

0 

5.107 

0.535 

10.477 

102.1 

15 

5.166 

0.062 

1.202 

103.3 

50 

5.300 

0.080 

1.508 

106.0 

10.00 

0 

10.373 

0.211 

2.037 

103.7 

15 

10.156 

0.188 

1.855 

101.6 

50 

10.400 

0.126 

1.212 

104.0 

100.00 

0 

99.247 

1.385 

1.396 

99.2 

15 

99.354 

1.078 

1.085 

104.0 

50 

101.656 

0.321 

0.315 

101.7 

1000.00 

0 

978.733 

6.481 

0.662 

97.9 

15 

994.578 

11.404 

1.147 

99.5 

50 

1001.720 

15.574 

1.555 

100.2 

10000.00 

0 

10261.667 

137.114 

1.336 

102.6 

15 

9669.702 

394.638 

4.081 

96.7 

50 

9978.400 

334.422 

3.351 

99.8 

of  CL-20.  No  degradation  of  CL-20  occurred  when  adding 
2  ml  of  water  to  the  10  ml  of  acetonitrile  and  sonicating  the 
mixture  for  18  h  at  20  °C,  thus  demonstrating  the  applicabil¬ 
ity  of  the  method  to  both  dry  and  wet  samples.  Aging  (21 
days)  of  spiked  samples  with  0  or  15%  water  showed  that 
CL-20  extractability  was  not  affected  and  that  irreversible 
binding  did  not  occur  within  this  period  of  time. 

3.2.  Solubility  of  CL-20  in  water 

The  aqueous  solubility  ( S )  of  RDX  and  HMX  has  been 
shown  to  vary  significantly  with  temperature  [9,14].  Since 
the  temperatures  to  which  explosives  are  exposed  in  the  en¬ 
vironment  may  vary  from  below  0  to  greater  than  50  °C,  the 
solubility  of  CL-20  was  measured  in  water  over  a  tempera¬ 
ture  range  of  5-60  °C.  For  comparison,  aqueous  solubilities 
of  RDX  and  HMX  were  also  measured  under  similar  con¬ 
ditions.  The  solubility  data  collected  are  gathered  in  Table 
2.  As  with  RDX  and  HMX,  the  aqueous  solubility  of  CL- 
20  increases  with  the  temperature,  but  to  a  lesser  extent. 
The  solubility  of  CL-20  is  much  lower  than  that  of  RDX, 
whereas  the  comparison  with  HMX  is  more  complex:  CL- 
20  is  more  soluble  than  HMX  at  lower  temperatures  but  the 
trend  is  reversed  at  temperatures  above  20  °C. 

For  ideal  solutions,  the  amount  of  a  compound,  B,  present 
in  solution  at  saturation  can  be  estimated  using  Eq.  (1). 


where  xg  is  the  mole  fraction  of  solute  B,  A//|us  the  en¬ 
thalpy  of  fusion  of  solute  B,  R  the  ideal  gas  constant,  T  the 
temperature  at  which  equilibrium  is  considered  and  T*  the 
melting  temperature  of  solute  B.  While  aqueous  solutions 


of  explosives  are  not  ideal,  the  relationship  between  S  and 
T  follows  Eq.  (2)  as  described  by  Lynch  et  al.  [9]: 

lnS  =  A-|,  (2) 

where  S  is  the  solubility  and  A  and  B  are  arbitrary  constants. 

Data  were  thus  plotted  as  In  S  versus  1  IT  (with  T  (in  K)) 
and  linear  regressions  were  performed  for  the  three  explo¬ 
sives  as  shown  in  Fig.  4.  The  lower  slope  observed  for  CL- 
20  suggests  that  this  compound  has  a  smaller  enthalpy  of 
melting  than  either  RDX  or  HMX.  The  linearization  allowed 
comparison  of  the  data  from  the  present  study  to  those  re¬ 
ported  previously  for  temperatures  other  than  those  investi¬ 
gated  here.  Solubilities  for  RDX  are  in  good  agreement  with 
data  reported  by  Townsend  and  Myers  [14],  but  are  slightly 
higher  than  the  solubilities  recently  measured  by  Lynch  et  al. 


Table  2 

Aqueous  solubilities  (5)  of  RDX,  HMX  and  CL-20  as  a  function  of 
temperature  and  log  Kq w  values  measured  at  ambient  temperature 


T  (°C) 

RDX 

HMX 

CL-20 

S  (mgr1) 

(«  =  3) 

5 

16.01  (±0.16) 

1.32  (±0.16) 

1.97  (±0.08) 

10 

22.19  (±0.12) 

1.67  (±0.14) 

2.12  (±0.04) 

15 

29.67  (±0.57) 

2.27  (±0.09) 

2.48  (±0.02) 

20 

42.58  (±1.32) 

3.34  (±0.12) 

3.16  (±0.04) 

25 

56.35  (±1.79) 

4.46  (±0.03) 

3.65  (±0.04) 

30 

n.d. 

n.d. 

4.89  (±0.03) 

40 

122.94  (±0.94) 

11.83  (±0.09) 

7.39  (±0.06) 

50 

n.d. 

n.d. 

11.62  (±0.01) 

60 

342.71  (±3.25) 

39.69  (±2.24) 

18.48  (±0.80) 

Log  A'ow  (n 

=  9) 

21 

0.90  (±0.03) 

0.165  (±0.006) 

1.92  (±0.02) 

Values  within  parentheses  are  S.D.;  n.d.:  non  determined. 
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Fig.  4.  Solubilities  of  RDX,  HMX  and  CL-20  in  water  as  a  function  of 
temperature  (solid  lines:  linear  regressions  from  the  present  study;  dashed 
lines:  linear  regressions  from  [9]  for  RDX  and  HMX). 

[9]  represented  in  dashed  lines  in  Fig.  4.  As  for  HMX,  solu¬ 
bility  data  are  consistent  with  those  reported  by  Lynch  et  al. 
[9]  and  significantly  higher  than  those  reported  by  Spang- 
gord  et  al.  [15].  Overall,  the  values  measured  for  RDX  and 
HMX  agree  reasonably  well  with  literature  data. 

While  thinking  of  a  soil  washing  technology  that  could 
be  used  to  remediate  a  CL-20-contaminated  soil,  we  looked 
for  an  environmentally  friendly  chemical  able  to  increase 
the  solubility  of  CL-20  in  water.  Cyclodextrins  fit  these  re¬ 
quirements  as  they  are  nontoxic  [16]  and  they  were  shown  to 
be  capable  of  enhancing  the  solubility  of  a  number  of  com¬ 
mon  organic  compounds  [17].  The  effect  of  two  cyclodex¬ 
trins  (HP-p-CD  and  DM-(3-CD)  on  the  solubility  of  CL-20 
in  water  was  thus  studied  (Fig.  5).  While  the  presence  of 
both  cyclodextrins  significantly  increased  the  aqueous  sol¬ 
ubility  of  CL-20,  the  most  remarkable  effect  was  induced 
by  DM-J3-CD  with  a  25-fold  increase  observed  when  the 


Fig.  5.  Solubility  of  CL-20  in  water  in  presence  of  (3-cyclodextrins,  relative 
to  the  solubility  of  CL-20  in  water  ([CL-20]o). 


cyclodextrin  was  present  at  a  concentration  of  0.38  mol  1_1 . 
In  addition  to  the  large  solubility  enhancement  however,  we 
found  that  DM-(3-CD  favors  the  decomposition  of  the  ener¬ 
getic  compound  as  determined  by  the  disappearance  of  CL- 
20  in  the  filtered  supernatant  (80%  loss  after  14  days)  and 
the  detection  of  nitrite  ions.  Therefore,  aqueous  solutions  of 
cyclodextrins  would  be  more  efficient  than  water  to  extract 
CL-20  from  a  contaminated  soil. 

3.3.  Octan- 1  -ol/water  partition  coefficient  (Kow)  of 
nitramines 

The  determination  of  the  octan- 1-ol-water  partition  co¬ 
efficient  (Ko w)  is  of  environmental  importance  because 
this  parameter  can  be  used  to  predict  soil  adsorption,  mi¬ 
gration  through  subsurface  soil  and  bioaccumulation  in 
terrestrial  and  aquatic  biota.  Several  log  Kow  values  have 
been  reported  for  RDX,  in  relatively  good  agreement  with 
each  other  (0.81,  0.86  and  0.87  ([18]  and  references  cited 
therein)),  whereas  more  disparate  values  were  measured  for 
HMX  (0.06  and  0.26  ([18]  and  references  cited  therein)). 
Values  of  log  Kow  were  measured  for  RDX,  HMX  and 
CL-20  using  different  combinations  of  water/octan-l-ol 
mixtures  and  different  amounts  of  nitramine.  Three  different 
sets  of  conditions  were  used  for  each  explosive  and  each  set 
was  run  in  triplicate.  The  average  of  the  nine  measurements 
is  reported  in  Table  2.  Regardless  of  the  octanol/water  ratios 
used,  Kow  values  remained  basically  constant  and  a  value 
of  82.6  ±  0.9  (log  Kow  =  1.92  ±  0.02)  was  obtained  for 
CL-20,  significantly  higher  than  the  partition  coefficients 
for  RDX  (8.0  ±  0.6)  and  HMX  (1.46  ±  0.02).  This  find¬ 
ing  suggests  that  CL-20  will  sorb  onto  soils  more  strongly 
than  RDX  and  HMX  and  that  this  hydrophobic  interac¬ 
tion  will  be  particularly  important  in  soils  containing  high 
amounts  of  organic  matter.  K d  values  obtained  for  RDX, 
HMX  and  CL-20  onto  SSL  soil  (0.3,  0.7,  and  2.41kg-‘  for 
RDX,  HMX  and  CL-20,  respectively)  confirmed  the  higher 
affinity  of  the  latter  for  soils. 

3.4.  Stability  of  CL-20  in  water 

From  the  stability  results  presented  in  Fig.  6,  it  appears 
that  agitation  in  borosilicate  glass  vials  causes  greater  loss 
of  CL-20  (38%  after  17  days)  than  in  agitated  polypropy¬ 
lene  vials  (15%  after  17  days).  In  addition,  when  the  vials 
remained  static  at  ambient  temperature,  decomposition  de¬ 
creased  (15  and  8%  in  glass  and  polypropylene,  respec¬ 
tively).  We  detected  nitrite  (NO2-)  and  formate  (HCOO-) 
ions  in  the  agitated  vials,  which  we  previously  detected  dur¬ 
ing  the  alkaline  hydrolysis  (pH  10)  [19]  of  CL-20.  No  CL- 
20  was  recovered  from  the  tubes  walls  after  washing  them 
with  CH3CN,  suggesting  that  no  CL-20  sorption  took  place. 

The  effect  of  temperature  on  CL-20  stability  was  investi¬ 
gated  by  agitating  sealed  head-space  glass  vials  at  150  rpm 
and  either  30  °C  or  ambient  temperature  (21  ±  2°C).  Inter¬ 
estingly,  90%  of  the  original  CL-20  degraded  at  30  °C  after 
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Fig.  6.  Stability  of  aqueous  solutions  of  CL-20  at  ambient  temperature  (21d=2°C)  in  glass  and  polypropylene  containers  (static  =  Orpm;  agitation:  430  rpm). 


2  weeks,  as  compared  to  33%  at  ambient  temperature  (Fig. 
7).  Once  again,  the  losses  were  accompanied  by  the  forma¬ 
tion  of  end  products  such  as  nitrite  (NO2-,  ca.  2  equiv.), 
nitrous  oxide  (N2O,  ca.  2  equiv.),  and  formate  (HCOO-,  ca. 
2  equiv.). 

The  present  experimental  findings  show  that  CL-20  is  un¬ 
stable  and  the  extent  of  decomposition  depends  on  the  rate 
of  agitation  and  temperature.  The  release  of  2  mol  of  NO2- 
ions  per  mole  of  reacted  CL-20  indicates  a  partial  denitra¬ 
tion  of  the  molecule.  The  detection  of  2  mol  of  HCOO- 
ions  and  2  mol  of  N2O  per  reacted  CL-20  indicates  the  oc¬ 
currence  of  ring  cleavage,  with  a  probable  initial  cleavage 
at  the  longer  and  weaker  C1-C3  bond  between  the  two  cy¬ 
clopentane  rings  of  CL-20  (1.590  A  compared  to  1.575  A  for 


C6-C4  and  C2-C5  bonds  (Fig.  1))  [20].  These  observations 
are  very  similar  to  what  was  observed  in  hydrolysis  at  pH  10 
[19],  indicating  that  an  initial  denitration  step  is  responsible 
for  the  lack  of  stability  of  CL-20  and  its  decomposition. 

In  contrast,  neither  RDX  nor  HMX  was  found  to  degrade 
during  agitation  under  the  same  conditions.  However,  the 
polycyclic  CL-20  is  a  more  highly  strained  and  thus  less 
stable  molecule  than  are  the  monocyclic  nitramines.  Given 
that  nitramine  explosives  such  as  RDX  are  sensitive  to  fric¬ 
tion  [21],  we  suggest  that  friction  obtained  during  agitation 
might  generate  enough  energy  to  cause  decomposition  of 
the  most  sensitive  CL-20.  With  a  wetting  contact  angle  of 
100.6°  in  water  [22],  polypropylene  surfaces  exhibit  a  much 
lower  flow  friction  than  borosilicate  surfaces  (contact  angle 


Fig.  7.  Effect  of  temperature  on  stability  of  aqueous  solutions  of  CL-20  in  glass  vials  agitated  at  150  rpm. 
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in  water:  38.5°  [23]).  Therefore,  the  higher  stability  of  CL- 
20  in  polypropylene  as  compared  to  borosilicate  may  result 
from  the  lower  flow  friction,  and  as  a  consequence,  lower 
shear  force  induced  in  the  former.  Similarly,  heating  a  solu¬ 
tion  to  30  °C  provides  a  thermal  energy  that  could  enhance 
the  degradation  process,  explaining  why  CL-20  degrades 
faster  at  30  °C  than  it  does  at  ambient  temperatures. 

4.  Conclusion 

The  present  study  demonstrates  that  CL-20  can  be  ex¬ 
tracted  from  soil  samples  with  high  recoveries,  regardless  of 
the  water  content  or  short-term  aging  of  soil.  The  poor  solu¬ 
bility  of  CL-20  in  water  (2.0  mg  1“ 1  at  5  °C  and  18.5  mg  l-1 
at  60  °C)  and  its  higher  log  Ko w  value  compared  to  those  of 
RDX  and  HMX  (1.92,  0.90,  and  0.16,  respectively)  suggest 
that  CL-20  will  migrate  less  in  soil  than  RDX  and  HMX. 
Also,  aqueous  solutions  of  CL-20  exhibit  significant  abiotic 
losses  when  agitated  in  glass  containers  or  when  exposed  to 
temperatures  above  30  °C.  The  present  experimental  find¬ 
ings  can  be  used  to  provide  understanding  of  the  environ¬ 
mental  fate  of  CL-20  that  awaits  wide  scale  production  and 
field  applications. 
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Abstract — Monocyclic  nitramine  explosives  such  as  l,3,5-trinitro-l,3,5-triazacyclohexane  (RDX)  and  octahydro-l,3,5,7-tetranitro- 
1,3,5,7-tetrazocine  (HMX)  are  toxic  to  a  number  of  ecological  receptors,  including  earthworms.  The  polycyclic  nitramine  CL-20 
(2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane)  is  a  powerful  explosive  that  may  replace  RDX  and  HMX,  but  its 
toxicity  is  not  known.  In  the  present  study,  the  lethal  and  sublethal  toxicities  of  CL-20  to  the  earthworm  ( Eisenia  andrei)  are 
evaluated.  Two  natural  soils,  a  natural  sandy  forest  soil  (designated  RacFor2002)  taken  in  the  Montreal  area  (QC,  Canada;  20% 
organic  carbon,  pH  7.2)  and  a  Sassafras  sandy  loam  soil  (SSL)  taken  on  the  property  of  U.S.  Army  Aberdeen  Proving  Ground 
(Edgewood,  MD,  USA;  0.33%  organic  carbon,  pH  5.1),  were  used.  Results  showed  that  CL-20  was  not  lethal  at  concentrations  of 
125  mg/kg  or  less  in  the  RacFor2002  soil  but  was  lethal  at  concentrations  of  90.7  mg/kg  or  greater  in  the  SSL  soil.  Effects  on  the 
reproduction  parameters  such  as  a  decrease  in  the  number  of  juveniles  after  56  d  of  exposure  were  observed  at  the  initial  CL-20 
concentration  of  1.6  mg/kg  or  greater  in  the  RacFor2002  soil,  compared  to  0.2  mg/kg  or  greater  in  the  SSL  soil.  Moreover,  low 
concentrations  of  CL-20  in  SSL  soil  (~0. 1  mg/kg;  nominal  concentration)  were  found  to  reduce  the  fertility  of  earthworms.  Taken 
together,  the  present  results  show  that  CL-20  is  a  reproductive  toxicant  to  the  earthworm,  with  lethal  effects  at  higher  concentrations. 
Its  toxicity  can  be  decreased  in  soils  favoring  CL-20  adsorption  (high  organic  carbon  content). 
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INTRODUCTION 

Toxicities  of  energetic  materials  such  as  TNT,  1,3,5-trinitro- 
1,3,5-triazacyclohexane  (RDX),  and  octahydro- 1,3,5, 7-tetran- 
itro-l,3,5,7-tetrazocine  (HMX)  have  been  assessed  in  many 
different  laboratory  and  field  studies  [1-10].  Presently,  TNT, 
RDX,  and  HMX  are  the  most  prevalent  sources  of  contami¬ 
nation  at  thousands  of  military  sites  around  the  world  [10]. 
Energetic  materials  such  as  TNT,  RDX,  and  HMX  are  toxic 
at  relatively  low  concentrations  to  a  number  of  organisms, 
including  the  earthworm  Eisenia  andrei  [1-5]. 

The  recently  synthesized  energetic  compound  CL-20 
(2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane) 
is  a  powerful  polycyclic  nitramine  explosive  that  may  replace 
RDX  and  HMX  [11]  (Fig.  1).  Propellants  and  explosive  for¬ 
mulations  using  CL-20  are  expected  to  have  better  perfor¬ 
mance  in  terms  of  specific  impulse,  burn  rate,  ballistics,  and 
detonation  velocity  compared  to  those  of  RDX  and  HMX  [11]. 
However,  considering  that  the  monocyclic  nitramines  RDX  and 
HMX  reduce  the  fertility  of  earthworms  [5],  one  may  hypoth¬ 
esize  that  the  polycyclic  nitramine  CL-20  is  also  toxic. 

Few  studies  regarding  the  environmental  impacts  of  CL-20 
are  available.  Thus,  before  large-scale  production  of  CL-20 
and  its  use  by  the  military,  more  information  concerning  the 
environmental  fate  and  effects  of  this  energetic  chemical  is 
needed.  The  toxicological  data  presented  here  may  help  future 
managers  of  sites  contaminated  with  CL-20  to  make  more 
informed  decisions  before  the  release  of  this  new  explosive  in 
the  environment.  In  addition,  the  toxicological  data  derived 
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using  a  standard  toxicity  test  method  and  quality-control  pro¬ 
cedures  may  be  used  to  determine  preliminary  soil-quality 
criteria. 

In  the  present  study,  the  toxicological  effects  of  CL-20  on 
survival  and  life-cycle  parameters  such  as  growth  (wet  wt 
change)  and  productivity  of  cocoons  and  juveniles  of  E.  andrei 
were  assessed  in  a  freshly  amended,  natural  sandy  forest  soil 
(designated  RacFor2002)  and  a  Sassafras  sandy  loam  (SSL) 
soil.  The  two  soils,  SSL  and  RacFor2002,  were  selected  with 
different  organic  content  and  pH  so  that  the  effect  of  bio¬ 
availability  (sorption)  could  be  evaluated. 

MATERIALS  AND  METHODS 

Chemicals  and  reagents 

The  e-CL-20  (chemical  abstract  service  registry  number 
135285-90-4;  purity,  >99%)  was  obtained  from  ATK  Thiokol 
Propulsion  (Brigham,  UT,  USA).  The  pesticide  carbendazim 
(Chemical  Abstract  Service  registry  number  10605-21-7)  and 
potassium  chloride  (KC1;  Chemical  Abstract  Service  registry 
number  7447-40-7)  were  used  as  reference  toxicants  and  were 
obtained  from  Aldrich  (Milwaukee,  WI,  USA)  and  EM  Science 
(Darmstadt,  Germany),  respectively.  Deionized  water  (Amer¬ 
ican  Society  for  Testing  and  Materials,  type  II)  was  obtained 
using  a  Millipore®  Super-Q  water  purification  system  (Milli- 
pore,  Bedford,  MA,  USA)  or  a  Zenopure®  Mega-90  laboratory 
water  system  (Zenon  Environmental,  Systeme  d’eau  O.B.L.X., 
St-Bruno,  QC,  Canada).  Glassware  was  washed  with  phos¬ 
phate-free  detergent  followed  by  rinses  with  acetone,  nitric 
acid  (10%,  vol/vol),  and  deionized  water. 
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RDX  CL-20 

Fig.  1.  Typical  structures  of  the  nitroaromatic  2,4,6-trinitrotoluene 
(TNT),  monocyclic  nitramine  explosives  l,3,5-trinitro-l,3,5-triaza- 
cyclohexane  (RDX),  and  octahydro-l,3,5,7-tetranitro-l,3,5,7-tetra- 
zocine  (HMX),  and  the  polycyclic  nitramine  2,4,6,8,10,12-hexanitro- 
2,4,6, 8, 1 0, 1 2-hexaazaisowurtzitane  (CL-20). 


Soil  characteristics  and  handling 

A  sandy-type  natural  forest  soil  sample  taken  in  the  Mon¬ 
treal  area  (designated  as  RacFor2002)  was  obtained  from  a 
local  supplier  (Racicot,  Boucherville,  QC,  Canada)  and  had 
the  following  physical  characteristics:  Proportion  of  soil  frac¬ 
tions  were  89.8%  sand  (50-2,000  pm),  9.1%  silt  (2-50  pm), 
and  1.2%  clay  (<2  pm);  soil  sample  had  36%  moisture,  20% 
total  organic  carbon,  a  cation-exchange  capacity  of  48.2  cmol/ 
kg,  and  pH  7.2.  Chemical  characterization  of  this  RacFor2002 
soil  showed  that  organic  contaminants  (e.g.,  polycyclic  aro¬ 
matic  hydrocarbon,  polychlorinated  biphenyl,  and  pesticides) 
were  not  detected,  except  for  di(2-ethylhexyl)  phthalate  (2.8 
mg/kg).  Using  standard  soil  extraction  analytical  methods,  the 
total  concentrations  of  toxic  metals  in  the  forest  soil  were  low 
(5.8  mg/kg  of  Ag,  73  mg/kg  of  Ba,  2.0  mg/kg  of  Co,  12  mg/ 
kg  of  Cr,  67  mg/kg  of  Cu,  310  mg/kg  of  Mn,  8.9  mg/kg  of 
Ni,  1 1  mg/kg  of  Pb,  and  1 80  mg/kg  of  Zn)  or  were  not  detected 
(As,  Be,  Li,  Cd,  Mo,  Sb,  Se,  and  Sn).  Total  concentrations  of 
other  metals  were  5,600  mg/kg  of  Al,  9.0  mg/kg  of  B.  16,000 
mg/kg  of  Ca,  4,800  mg/kg  of  Fe,  2,000  mg/kg  of  Mg,  410 
mg/kg  of  Na,  77  mg/kg  of  Sr,  120  mg/kg  of  Ti,  and  6.2  mg/ 
kg  of  V.  In  addition,  total  concentrations  of  nutrients  were 
1 1,000  mg/kg  of  P,  10,000  mg/kg  of  Kjeldhal  N  (i.e.,  Kjeldhal 
nitrogen),  and  1  400  mg/kg  of  K. 

The  Sassafras  sandy  loam  (designated  as  SSL)  soil  sample 
was  provided  by  Roman  Kuperman  (U.S.  Army  Edge  wood 
Chemical  Biological  Center,  Aberdeen  Proving  Ground,  Ed- 
gewood,  MD).  A  soil  sample  was  collected  from  an  uncon¬ 
taminated,  open  grassland  on  the  property  of  the  U.S.  Army 
Aberdeen  Proving  Ground.  Vegetation  and  surface  organic 
matter  were  removed,  and  the  top  15  cm  of  the  A  horizon  was 
collected  and  sieved  through  a  2-mm  screen  and  air-dried.  The 
SSL  soil  had  the  following  physical  characteristics:  71%  sand; 
18%  silt,  11%  clay,  0.33  %  organic  carbon,  a  cation-exchange 
capacity  of  5.0  cmol/kg,  and  pH  5.1.  The  total  concentrations 
of  toxic  metals  in  the  SSL  soil  were  low  (33  mg/kg  of  Ba,  4.3 
mg/kg  of  Co,  7.9  mg/kg  of  Cr,  14  mg/kg  of  Cu,  77  mg/kg  of 
Mn,  6. 1  mg/kg  of  Ni,  and  30  mg/kg  of  Zn)  or  were  not  detected 
(Ag,  As,  B,  Be,  Li,  Cd,  Mo,  Pb,  Sb,  Se,  Sr,  and  Sn).  Total 
concentrations  of  other  metals  were  7,900  mg/kg  of  Al,  870 


mg/kg  of  Ca,  13,000  mg/kg  of  Fe,  900  mg/kg  of  Mg,  24  mg/ 
kg  of  Na,  150  mg/kg  of  Ti,  and  14  mg/kg  of  V.  In  addition, 
total  concentrations  of  nutrients  were  100  mg/kg  of  P,  420  mg/ 
kg  of  Kjeldhal  N,  and  640  mg/kg  of  K. 

Artificial  soil  (used  as  a  substrate  for  the  reference  toxi¬ 
cants)  consisted  of  70%  (wt/wt)  grade  4010  silica  sand  (Unimin 
Canada,  St.  Canut,  QC,  Canada),  20%  colloidal  kaolinite  clay 
(CAS  1332-56-7),  and  10%  2-mm  sieved  Canadian  sphagnum 
peat  according  to  the  Organisation  for  Economic  Cooperation 
and  Development  Guideline  [12],  Peat,  sand,  and  clay  were 
obtained  from  local  suppliers.  Calcium  carbonate  (1%,  wt/wt) 
was  used  to  adjust  the  pH  of  the  wetted  substrate  to  6.0  ±  0.5 
(mean  ±  SD). 

The  RacFor2002  and  SSL  soils  were  spiked  using  different 
concentrations  of  CL-20  in  acetone  solution.  The  forest  soil 
RacFor2002  samples  were  first  placed  into  1.5-L  glass  jars, 
whereas  the  SSL  soil  (500  g  dry  wt)  was  placed  into  1-L  glass 
jars.  The  CL-20  was  dissolved  in  acetone  to  obtain  a  stock 
solution  (~5,000  mg/L),  which  was  dissolved  at  a  defined 
concentration  before  being  spiked  into  the  soil.  An  aliquot 
(12.8  ml/kg  of  RacFor2002  soil  and  20  ml/kg  of  SSL  soil)  of 
each  solution  was  added  to  a  soil  layer  (thickness,  2.5  cm). 
Acetone  was  then  evaporated  in  the  dark  in  a  chemical  hood 
to  reach  a  low  and  nontoxic  level  (<0.1  pl/g  dry  soil).  Spiked 
soils  were  then  mixed  for  18  h  in  a  rotary  mixer.  The  above 
procedure  was  repeated  with  different  defined  concentrations 
(range,  0.5-5,000  mg/L)  to  obtain  the  selected  nominal  soil 
CL-20  concentrations  (~0.01,  0.1,  1.0,  10,  and  100  mg/kg  dry 
soil)  for  the  earthworm  reproduction  assays. 

A  solvent  control  (i.e.,  soil  amended  with  acetone  only) 
and  a  negative  control  (i.e.,  soil  with  water  added  only)  were 
included  in  the  experimental  design.  In  the  present  study,  24 
h  (SSL  soil)  and  48  h  (forest  soil)  of  evaporation  led  to  0.04 
pi  acetone/g  dry  soil  or  less  and  0.003  pi  acetone/g  soil  or 
less,  respectively.  For  the  quality-control  assays,  reference  tox¬ 
icants  (carbendazim  and  KC1)  were  first  dissolved  in  water 
before  being  added  to  500  g  of  dry  artificial  soil  placed  into 
1-L  glass  jars. 

At  the  beginning  of  each  experiment,  three  replicates  of 
200  g  of  dry  soil  (earthworm  lethality  test)  or  four  replicates 
of  500  g  (earthworm  reproduction  test)  per  concentration  were 
rehydrated  to  75%  of  the  water-holding  capacity  with  deion¬ 
ized  water  or  with  separate  solutions  of  the  pure  reference 
toxicants  (KC1  and  carbendazim  for  earthworm  lethality  and 
reproduction  assays,  respectively).  The  water-holding  capacity 
(21.2  and  123.4  ml/100  g  for  SSL  and  RacFor2002  soil,  re¬ 
spectively)  was  determined  by  saturating  the  soil  with  deion¬ 
ized  water  and  measuring  the  water  content  [13], 

Earthworms 

The  oligochaetes  E.  andrei  were  obtained  from  Carolina 
Biological  Supply  (Burlington,  NC,  USA)  and  were  initially 
used  to  establish  the  laboratory  cultures.  Animals  were  main¬ 
tained  in  earthworm  bedding  (Magic  Products,  Amherst,  WI, 
USA)  supplemented  with  dry  cereal  (Magic  Worm  Food;  Mag¬ 
ic  Products)  at  20  ±  1°C,  70-80%  humidity,  and  a  16:8-h 
light:dark  cycle.  In  the  following  toxicity  tests,  only  adult 
earthworms  (wet  wt,  300-600  mg)  having  a  well-developed 
clitellum  were  used. 

Earthworm  lethality  test 

The  lethal  effects  of  CL-20  on  E.  andrei  in  SSL  were  as¬ 
sessed  using  the  U.S.  Environmental  Protection  Agency  Meth- 
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Fig.  2.  Representative  high-performance  liquid  chromatograms  of  acetonitrile  extracts  of  a  sandy-type  forest  (RacFor2002)  soil  spiked  with 
acetone  solution  containing  (a)  or  not  containing  (b)  the  polycyclic  nitramine  hexanitrohexaazaisowurtzitane  (CL-20;  134  mg/kg)  as  well  as 
extracts  of  Sassafras  sandy  loam  soil  containing  (c)  or  not  containing  (d)  CL-20  (89  mg/kg). 


od  EPA/600/3-88/029  [14].  After  acclimation  for  1  to  4  d  in 
clean  soil.  10  E.  andrei  were  individually  washed,  weighed, 
and  added  to  each  replicate  glass  jar  containing  the  test  soil 
sample.  The  glass  jars  were  closed  using  a  geotextile  and  per¬ 
forated  lids  with  1.6-mm  air  holes.  The  number  of  surviving 
E.  andrei  (determined  in  triplicate)  was  recorded  after  7  and 
14  d  of  exposure,  as  were  their  individual  wet  body  weights 
(14  d). 

Earthworm  reproduction  test 

The  effects  of  explosives-spiked  soils  (RacFor2002  and 
SSL)  on  growth  and  reproduction  of  E.  andrei  were  assessed 
using  the  International  Organization  for  Standardization  Meth¬ 
od  103390  [15].  Following  acclimation  in  clean  soil,  10  E. 
andrei  were  individually  rinsed,  weighed,  and  added  to  each 
replicate  jar  containing  the  toxicant-amended  soil.  Glass  jars 
were  closed  using  a  geotextile  and  lids  with  1.6-mm  air  holes. 
Food  (2  g  of  dry  cereal)  was  added  to  the  surface  of  the  test 
matrix  at  the  beginning  of  the  experiment  and  then  once  week¬ 
ly.  The  earthworms  were  hand-sorted  from  the  soil,  and  the 
number  of  surviving  E.  andrei  (per  replicate)  as  well  as  the 
individual  weight  (wet  biomass)  were  recorded  at  28  d.  The 
remaining  soil  (containing  cocoons)  was  then  returned  to  its 
respective  jar  and  incubated  for  another  28  d  to  continue  the 
exposure  of  cocoons  and  juveniles  to  the  test  soil.  At  the  end 
of  the  experiment  (test  day  56),  the  soils  were  wet  sieved,  and 
the  number  of  hatched  and  nonhatched  cocoons  as  well  as  the 
number  of  juveniles  and  their  biomass  were  recorded.  The  pFI 
was  measured  before  and  after  each  test  using  a  1:5  (vol/vol) 
suspension  of  soil  in  water  [16],  Water  content  was  also  mea¬ 
sured  by  loss  of  soil  weight  on  drying  both  before  and  after 
each  test. 


Chemical  analyses 

The  residual  acetone  at  the  beginning  of  toxicity  assays  was 
determined  using  headspace  gas  chromatographic  analyses  as 
described  earlier  [13].  The  limit  of  detection  of  the  instrument 
was  100  p-g/L  acetone. 

Concentrations  of  CL-20  in  acetone  solutions  and  soil  were 
determined  by  high-performance  liquid  chromatography 
(F1PLC)  using  a  modified  version  of  U.S.  Environmental  Pro¬ 
tection  Agency  Method  8330  [17].  Solutions  of  CL-20  (~5,000 
mg/L)  were  prepared  in  acetone  for  the  assays.  An  aliquot  of 
the  solution  was  first  mixed  with  acetonitrile  (1:9,  vol/vol)  and 
then  with  deionized  water  acidified  with  NaHS04  (1:1,  vol/ 
vol)  before  the  analyses.  Soil  samples  were  extracted  at  the 
beginning  it  =  0),  after  28  d,  and  at  the  end  (f  =  56  d)  of  the 
experiments.  Briefly,  acetonitrile  (10  ml)  was  added  to  a  por¬ 
tion  of  a  weighed  soil  sample  (2  g)  and  then  vortexed  for  1 
min.  The  sample  was  then  sonicated  (60  Hz)  for  18  ±  2  h  at 
20°C.  Next,  5  ml  of  supernatant  were  combined  with  5  ml  of 
CaCl2/NaHS04  aqueous  solution  (5  and  0.2  g/L,  respectively) 
and  then  filtered  through  a  0.45-pm  Millipore  polytetrafluor- 
oethylene  membrane.  The  first  3  ml  of  filtrate  were  discarded, 
and  the  remainder  was  analyzed  using  a  Thermo  Finningan 
(San  Jose,  CA,  USA)  chromatographic  system  composed  of  a 
model  P4000  pump;  a  model  AS  1000  autosampler,  including 
temperature  control  for  the  column;  and  a  model  ultraviolet 
6000LP  photodiode-array  detector.  The  column  used  was  a  CN 
reverse-phase  HPLC  column  (25  cm  X  4.6  mm,  5  pm;  Su- 
pelcosil  LC-CN;  Supelco,  Oakville,  ON,  Canada).  Temperature 
of  the  autosampler  was  held  at  10°C.  The  initial  solvent  com¬ 
position  was  30%  water  and  70%  methanol.  Retention  time 
(RT)  of  CL-20  ranged  from  8  to  10  min.  The  detector  was  set 
to  230  nm. 
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Fig.  3.  Mean  polycyclic  nitramine  hexanitrohexaazaisowurtzitane 
(CL-20)  concentrations  measured  in  the  sandy-type  forest  (Rac- 
For2002;  a)  and  Sassafras  sandy  loam  (SSL;  b)  soil  (n  =  4)  at  days 
0  ( ♦ )  and  56  (■)  compared  to  CL-20  nominal  concentrations.  Error 
bars  indicate  standard  deviations.  An  asterisk  indicates  a  significant 
difference  (p  £  0.05)  compared  to  the  corresponding  initial  concen¬ 
trations  (t  =  0).  Figure  inset  shows  the  same  data  at  low  concentra¬ 
tions. 
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Fig.  5.  Lethal  (■)  and  sublethal  ( ♦  ;  growth)  effects  of  the  polycyclic 
nitramine  hexanitrohexaazaisowurtzitane  (CL-20)  to  Eisenia  andrei 
in  the  sandy-type  forest  (RacFor2002;  a)  and  Sassafras  sandy  loam 
(SSL;  b)  soil  after  28  d  of  exposure  (n  =  10  earthworms  X  4  replicates/ 
concentration  at  start  of  experiment).  Error  bars  indicate  standard 
deviation.  An  asterisk  indicates  a  significant  difference  (p  £  0.05) 
compared  to  negative  and  solvent  controls.  DW  =  dry  weight. 
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Fig.  4.  Lethal  and  sublethal  (wt)  effects  of  the  polycyclic  nitramine 
hexanitrohexaazaisowurtzitane  (CL-20)  to  Eisenia  andrei  using  a 
standard  toxicity  test  method.  Survival  after  7  d  (Q)  and  14  d  (■) 
of  exposure  (n  =  10  earthworms  X  3  replicates/concentration  at  start 
of  experiment)  and  variation  of  weight  (i.e.,  wt  loss;  A)  after  14  d  of 
exposure.  Error  bars  indicate  standard  deviation.  An  asterisk  indicates 
a  significant  difference  (p  £  0.05)  compared  to  negative  and  solvent 
controls.  SSL  =  Sassafras  sandy  loam;  DW  =  dry  weight. 


Quality  control 

All  experiments  were  done  in  triplicate  (for  the  lethality 
test)  or  quadruplicate  (for  the  reproduction  test)  and  included 
negative  controls  (soil  with  water  added  only;  no  toxic  sub¬ 
stances  added)  and  solvent  controls  (soil  amended  with  acetone 
only).  Mortality,  growth,  and  reproduction  endpoints  for  the 
reference  toxicants  as  well  as  other  established  criteria  (e.g., 
response  in  the  negative  control,  temperature)  were  verified 
against  laboratory  in-house  control  data  to  validate  the  toxi¬ 
cological  analyses.  The  positive-control  results  using  the  ref¬ 
erence  toxicants  carbendazim  (median  effect  concentration 
[EC50]  for  the  number  of  juveniles  after  56  d  was  0.88  mg/ 
kg  dry  artificial  soil)  and  KC1  (median  lethal  concentration 
[LC50]  of  adult  earthworms  after  14  d  was  7,000  mg/kg  dry 
artificial  soil)  were  consistent  with  in-house  data  and  those  of 
previous  studies  [4], 

Data  analysis 

Toxicity  endpoints  such  as  the  lethal  concentration  causing 
a  percentage  mortality,  the  estimated  effect  concentration  caus¬ 
ing  a  percentage  (ECp)  inhibition  of  a  measurement  endpoint 
compared  to  solvent  control  groups,  the  no-observed-effect 
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concentration  (NOEC),  and  the  lowest-observed-effect  con¬ 
centration  (LOEC)  were  determined  using  the  ToxCalc  pro¬ 
gram  (Ver  5.0;  Tidepool  Scientific  Software,  McKinleyville, 
CA,  USA).  The  10%  effective  concentration,  20%  effective 
concentration  (EC20),  and  EC50  were  chosen  as  representative 
point  estimates  of  three  toxicity  levels.  Linear  interpolation 
with  bootstrapping  was  used  for  point-estimates.  Dunnett’s 
multiple-comparison  test  was  used  to  determine  the  LOEC  and 
NOEC  (p  <  0.05).  Data  are  expressed  as  the  average  ±  stan¬ 
dard  deviation  (survival  and  reproductive  parameters)  or  stan¬ 
dard  error  (growth  parameters).  The  differences  between  initial 
and  final  concentrations  were  analyzed  with  a  heteroscedastic 
t  test  (unequal  variance)  and  with  a  nonparametric  test  (Mann- 
Whitney  U  test  or  Wilcoxon  matched-pairs  test)  to  observe 
differences  (p  £  0.05)  among  the  treatment  concentrations. 

RESULTS 

CL-20  soil  concentrations  during  the  56-d  toxicity 
experiments 

The  initial  measured  concentration  of  CL-20  in  soil  ranged 
from  0.45  to  125.4  mg/kg  dry  soil  in  the  RacFor2002  forest 
soil  and  from  0.31  to  90.7  mg/kg  in  SSL  soil.  Examples  of 
HPLC  chromatograms  of  solvent  extracts  for  noncontaminated 
and  CL-20  spiked  soil  samples  are  shown  in  Figure  2.  The 
RacFor2002  soil  extracts  (Fig.  2a  and  b)  had  a  higher  back¬ 
ground  signal  (RT  =  4-8  min)  than  SSL  soil  extracts  (Fig.  2c 
and  d),  presumably  because  RacFor2002  soil  has  a  higher  or¬ 
ganic  matter  content  compared  to  SSL  soil.  For  SSL  soil,  the 
method  detection  limit  and  method  quantification  limit  were 
0.06  and  0.2  mg  CL-20/kg  dry  soil,  respectively;  for  the 
RacFor2002  soil,  the  limit  of  quantification  was  estimated  to 
0.5  mg  CL-20/kg.  The  method  detection  limit  was  not  deter¬ 
mined  for  RacFor2002  soil,  but  CL-20  was  measured  in  all 
spiked  soil  samples,  the  results  of  which  suggest  that  the  de¬ 
tection  limit  would  be  similar  (i.e.,  0.06  mg  CL-20/kg  dry  soil) 
to  that  of  SSL  soil.  However,  the  measured  concentrations  of 
CL-20  in  two  samples  of  the  RacFor2002  soil  were  higher 
(0.45  ±  0.02  and  0.46  ±  0.10  mg/kg)  than  their  nominal  con¬ 
centrations  (0.016  and  0.157  mg/kg,  respectively).  At  CL-20 
concentrations  less  than  0.5  mg/kg  of  RacFor2002  soil,  dif¬ 
ferences  between  nominal  and  initial  measured  concentrations 
may  be  caused  by  a  possible  interference  with  organic  matter. 
For  CL-20  concentrations  less  than  0.2  mg/kg  of  SSL  soil  or 
less  than  0.5  mg/kg  of  RacFor2002  soil,  nominal  concentra¬ 
tions  were  used  for  the  toxicity  endpoint  calculations. 

The  concentration  of  CL-20  remained  constant  in  the 
RacFor2002  soil  (^3. 8%  of  initial  values)  over  the  56-d  ex¬ 
posure  period  (Fig.  3a)  but  decreased  significantly  (<43.9% 
of  initial  exposure  concentrations)  at  all  SSL  soil  concentra¬ 
tions  (Fig.  3b).  At  nominal  concentrations  less  than  0.5  mg/ 
kg,  the  measured  concentrations  of  CL-20  decreased  at  28  d 
(in  the  RacFor2002)  and  reached  below  the  detection  limit 
after  56  d  in  both  SSL  and  RacFor2002  soil  samples. 

Effects  of  CL-20  on  adult  earthworm  survival  in  amended 
SSL  and  RacF or2002  forest  soil 

Exposure  to  CL-20-spiked  SSL  soil  caused  significant  ef¬ 
fects  on  E.  andrei,  as  evidenced  by  concentration-dependent 
decreases  in  survival  and  body  weight  (Figs.  4  and  5).  A  pre¬ 
liminary  acute  test  using  the  SSL  soil  showed  that  the  survival 
of  adult  earthworms  significantly  decreased  at  nominal  con¬ 
centrations  of  100  mg/kg  or  greater  after  14  d  of  exposure 


(Fig.  4).  After  7  d  of  exposure,  survival  decreased  using  nom¬ 
inal  CL-20  concentrations  of  1,000  mg/kg  or  greater.  The  wet 
weight  of  earthworms  exposed  for  14  d  was  also  significantly 
decreased  at  100  mg/kg. 

Exposure  to  CL-20  for  28  d  showed  that  survival  of  adult 
earthworms  was  not  affected  at  157  mg  CL-20/kg  dry  soil 
(nominal  concentration)  in  the  forest  soil  (Fig.  5a  and  Table 

1) .  In  the  SSL  soil,  survival  was  decreased  by  90%  at  100  mg/ 
kg  dry  soil  (Fig.  5b),  and  the  LC50  was  53.4  mg/kg.  Survival 
was  not  significantly  decreased  at  10  mg/kg  dry  SSL  soil  (Fig. 
5b  and  Table  2).  Growth  was  significantly  reduced  at  1.57  mg/ 
kg  of  CL-20  or  greater  in  RacFor2002  soil  only,  whereas 
growth  was  decreased  at  0.1  mg/kg  or  greater  in  SSL  soil 
(Tables  1  and  2). 

Effects  of  CL-20  on  earthworm  fertility  in  amended  SSL 
and  RacFor2002  forest  soil 

Results  of  the  earthworm  reproduction  studies  show  that 
fertility  was  decreased  at  1.57  mg  CL-20/kg  dry  soil  or  greater 
(nominal  concentration)  using  the  RacFor2002  soil  (Table  1) 
or  at  0.1  mg  CL-20/kg  or  greater  using  the  SSL  soil  (Table 

2) .  These  effects  occurred  at  nonlethal  concentrations. 

Table  3  summarizes  the  toxicity  endpoints  (LOEC,  NOEC, 
lethal  concentration  causing  a  percentage,  and  ECp)  for  CL- 
20  in  both  RacFor2002  and  SSL  soils  compared  to  controls. 
The  CL-20  in  the  RacFor2002  soil  decreased  the  number  of 
juveniles  (one  of  the  most  sensitive  reproduction  endpoints). 
The  EC20  of  this  effect  was  0.57  mg  CL-20/kg  dry  soil  and 
corresponded  to  other  reproduction  responses  within  the  same 
concentration  range.  These  responses  include  decreases  in  the 
total  (e.g.,  EC20  =  0.62  mg/kg)  and  hatched  (e.g.,  EC20  = 
0.67  mg/kg)  number  of  cocoons.  The  CL-20  was  more  toxic 
in  the  SSL  soil  than  in  RacFor2002  soil,  as  determined  using 
the  number  of  juveniles  as  the  endpoint  as  well  as  the  total 
and  hatched  numbers  of  cocoons  (EC20  <  0.01  mg/kg). 

DISCUSSION 

The  present  study  shows  that  CL-20  decreases  the  survival 
and  reproductive  capacity  of  the  earthworm  E.  andrei.  Sub- 
lethal  effects  were  observed  in  two  different  sandy  soils.  The 
RacFor2002  forest  soil  had  20%  organic  carbon  content  and 
pH  7.2,  whereas  the  SSL  soil  had  a  lower  organic  content 
(0.33%)  and  lower  pH  (5.1).  Lethal  and  sublethal  effects  of 
CL-20  were  more  dramatic  in  the  SSL  soil  compared  to  the 
RacFor2002  soil.  For  example,  CL-20  was  lethal  in  the  SSL 
soil  at  initial  concentrations  of  90.7  mg/kg  or  greater  but  was 
not  lethal  at  125  mg/kg  in  the  RacFor2002  soil.  Also,  growth 
of  adults  was  diminished  at  nominal  concentrations  of  0.01 
mg  CL-20/kg  or  greater  in  the  SSL  soil  and  at  initial  concen¬ 
trations  of  1.57  mg  CL-20/kg  or  greater  in  the  RacFor2002 
soil.  Fertility  was  significantly  reduced  at  a  nominal  concen¬ 
tration  of  0.1  mg  CL-20/kg  (LOEC)  in  the  SSL  soil,  whereas 
a  significant  effect  on  fertility  was  seen  at  initial  concentrations 
of  1 .57  mg/kg  (LOEC)  or  greater  using  the  RacFor2002  soil. 

It  is  not  known  why  CL-20  in  freshly  amended  SSL  soil 
was  more  toxic  to  earthworms  than  it  was  in  the  RacFor2002 
soil.  A  number  of  factors  should  be  considered.  Chemical  anal¬ 
ysis  indicated  that  the  SSL  soil  had  a  lower  water-holding 
capacity  and  cation-exchange  capacity  as  well  as  a  higher  silt 
and  clay  content  compared  to  the  forest  RacFor2002  soil.  Also, 
the  SSL  soil  had  a  lower  organic  carbon  and  pH  compared  to 
the  RacFor2002  soil. 

Decreased  toxicity  and  bioavailability  of  CL-20  may  be 
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Table  3.  Lethal  and  sublethal  effects  of  hexanitrohexaazaisowurtzitane  (CL-20)  on  earthworm  ( Eisenia  andrei)  using  freshly  amended  natural 

soils11 


Parameter 

NOEC 

(mg/kg) 

LOEC 

(mg/kg) 

LC10  or  EC10 
(mg/kg  [95%  Cl]) 

LC20  or  EC20 
(mg/kg  [95%  Cl]) 

LC50  or  EC50 
(mg/kg  [95%  Cl]) 

RacFor2002  soil 

Survival  of  adults  (28  d) 

125 

>125 

>125 

>125 

>125 

Growth  of  adults  (28  d) 

125 

>125 

<0.01b 

<0.01b 

<0.01b 

No.  total  cocoons  (56  d) 

1.59 

3.79 

0.36  (<0.01-1.15) 

0.62  (<0.01-1.38) 

1.50(0.65-3.10) 

No.  hatched  cocoons  (56 

d) 

1.59 

3.79 

0.39  (<0.01-1.19) 

0.67  (<0.01-1.45) 

1.45  (0.29-3.13) 

No.  juveniles  (56  d) 

0.62 

1.59 

0.31  (<0.01-1.10) 

0.57  (<0.01-1.24) 

1.30(0.09-2.87) 

SSL  soil 

Survival  of  adults  (28  d) 

8.57 

90.7 

16.0(8.1-19.7) 

25.3  (17.8-29.5) 

53.4  (46.3-63.0) 

Growth  of  adults  (28  d) 

<0.01b 

0.01b 

<0.01b 

0.01  (<0.01-0.02)b 

0.04  (0.03-0.08)b 

No.  total  cocoons  (56  d) 

<0.01b 

0.01b 

<0.01b 

0.01  (<0.01-0. 04)b 

0.09  (0.03-0.16)° 

No.  hatched  cocoons  (56 

d) 

<0.01b 

0.01b 

<0.01b 

0.01  (<0.01-0.03)b 

0.07  (0.02-0. 12)» 

No.  juveniles  (56  d) 

<0.01b 

0.01b 

<0.01b 

0.01  (<0.01-0.04)b 

0.05  (<0.01-0.08)° 

“95%  Cl  =  95%  confidence  intervals;  NOEC  =  no-observed-effect  concentration;  LOEC  =  lowest-observed-effect  concentration;  LC10  = 
estimated  lethal  concentration  for  10%  of  the  organisms  tested;  LC20  =  estimated  lethal  concentration  for  20%  of  the  organisms  tested;  LC50 
=  estimated  lethal  concentration  for  50%  of  the  organisms  tested  (median);  EC10  =  estimated  concentration  causing  10%  inhibition  of  measured 
response;  EC20  =  estimated  concentration  causing  20%  inhibition  of  measured  response;  EC50  =  estimated  concentration  causing  50%  inhibition 
of  measured  response  (median);  RacFor2002  =  sandy-type  forest  soil;  SSL  =  Sassafras  sandy  loam.  Data  are  expressed  on  a  dry  soil  basis. 
b  Less  than  the  method  detection  limit  of  0.06  mg/kg  dry  soil. 
c  Less  than  the  method  quantification  limit  of  0.2  mg/kg  dry  soil. 


explained  by  differences  in  organic  carbon  content  between 
the  RacFor2002  and  SSL  soils.  Also,  preliminary  studies  were 
carried  out  to  determine  CL-20  Kd  (sorption  constant)  values. 
For  this,  batch  sorption  experiments  were  conducted  at  ambient 
temperature  (21  ±  2°C)  for  72  h.  Solutions  of  CL-20  were 
agitated  with  soil  in  the  dark.  After  centrifugation  (1,170  g  for 
30  min),  the  supernatant  was  filtered  (pore  size,  0.45  p,m)  and 
analyzed  by  HPLC.  The  remaining  pellet  was  extracted  with 
acetonitrile  to  measure  the  amount  of  sorbed  explosive.  The 
respective  isotherms  (i.e.,  sorbed  amount  in  p-g/g  as  a  function 
of  the  equilibrium  concentration  in  mg/L)  were  plotted,  and 
the  Kd  values  were  obtained  from  the  slopes  of  linear  isotherms. 
These  preliminary  studies  confirmed  that  CL-20  sorption  in 
RacFor2002  soil  (Kd  >  300  L/kg)  is  higher  than  in  SSL  soil 
( Kd  =  2.4  L/kg;  F.  Monteil-Rivera,  National  Research  Council 
of  Canada,  Montreal,  QC,  unpublished  data). 

On  the  other  hand,  it  is  unlikely  that  the  slightly  alkaline 
pFl  in  the  RacFor2002  soil  (pH  7.2)  compared  to  the  SSL  soil 
(pH  5.0)  contributed  to  the  observed  differences  in  CL-20 
toxicity.  Balakrishnan  et  al.  [18]  reported  that  CL-20  can  be 
hydrolyzed  relatively  easily  at  greater  than  pH  7  to  produce 
nitrite  and  formic  acid.  However,  the  HPLC  results  presented 
in  this  article  indicate  that  CL-20  concentrations  were  un¬ 
changed  in  the  RacFor2002  soil,  indicating  that  pH  was  not  a 
major  factor  in  determining  the  bioavailability  and  toxicity  of 
CL-20  in  the  present  study.  Closer  examination  of  the  effect 
of  pH  and  organic  carbon  content  on  the  bioavailability  and 
toxicity  of  CL-20  will  be  carried  out  in  future  studies. 

For  reproduction  effects,  LOEC  values  of  58.8,  46.7,  and 
15.6  mg/kg  observed  earlier  for  TNT,  RDX,  and  HMX,  re¬ 
spectively  [5],  were  at  least  one  order  of  magnitude  higher 
than  that  for  CL-20  (Table  3),  indicating  that  lethal  and  sub- 
lethal  effects  of  CL-20  to  earthworms  occurred  at  relatively 
low  concentrations  [3-5].  Lethal  effects  of  CL-20  occurred  at 
concentrations  as  low  as  90.7  mg/kg  (LOEC)  in  the  SSL  soil. 
These  differences  in  toxic  responses  suggest  that  the  hazardous 
effects  of  energetic  contaminants,  including  CL-20,  cannot  be 
explained  by  a  common  mechanism  of  toxicity.  This  may  not 
be  surprising  in  view  of  the  marked  differences  in  their  phys¬ 


ico-chemical  properties  caused  by  differences  in  their  chemical 
structures  (Fig.  1).  For  instance,  TNT  is  polynitroaromatic, 
RDX  and  HMX  are  monocyclic  nitramines,  but  CL-20  is  a 
rigid  polycyclic  nitramine. 

Environmental  agencies  and  future  managers  of  explosive- 
contaminated  sites  should  be  cognizant  that  CL-20  is  relatively 
more  toxic  to  earthworms  than  other  explosives.  Based  on 
laboratory  toxicological  data,  CL-20  may  have  hazardous  ef¬ 
fects  on  soil  organisms  and  pose  a  significant  risk  to  other 
ecosystem  components. 

CONCLUSION 

The  CL-20  has  significant  lethal  and  sublethal  effects  on 
the  earthworm  E.  andrei.  Fertility  of  earthworms  was  reduced 
at  CL-20  concentrations  as  low  as  0.1  mg/kg  dry  soil  using 
SSL  soil.  These  effects  were  observed  at  higher  concentrations 
in  the  RacFor2002  forest  soil  than  in  the  SSL  soil.  The  exact 
reason  for  this  difference  in  effects  between  SSL  and  Rac- 
For2002  soil  is  not  known,  but  it  is  probably  caused  by  the 
presence  of  high  organic  carbon  content  in  the  latter  case, 
which  decreased  the  bioavailability  of  CL-20  because  of  high 
sorption  to  the  soil  matrix. 
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Abstract.  Hexanitrohexaazaisowurtzitane,  or  CL-20,  is  an 
emerging  highly  energetic  compound  currently  under  con¬ 
sideration  for  military  applications.  With  the  anticipated  wide 
use  of  CL-20,  there  is  the  potential  for  soil  and  groundwater 
contamination  resulting  in  adverse  toxicologic  effects  on 
environmental  receptors.  Presently,  there  is  a  lack  of  data 
describing  the  toxic  effects  of  CL-20  on  avian  species.  The 
present  study  describes  the  effect  of  CL-20  on  Japanese  quail 
( Coturnix  coturnix  japonica )  modified  from  standard  toxicity 
test  guidelines.  First,  a  14-day  subacute  assay  was  adopted 
using  repeated  gavage  doses  (0,  307,  964,  2439,  3475,  or 
5304  mg  CL-20/kg  body  weight  (BW)/d  for  5  days  followed 
by  no  CL-20  exposure  (vehicle  only)  for  10  days.  Second,  a 
subchronic  feeding  assay  (0,  11,  114,  or  1085  mg  CL-20/kg 
feed)  was  done  for  42  days.  During  both  studies,  no  overt 
toxicity  was  observed  in  the  CL-20-treated  birds.  During  the 
first  5  days  of  the  subacute  study,  CL-20-exposed  birds 
showed  a  dose-dependent  decrease  in  BW  gain,  whereas  in¬ 
creased  liver  weight,  plasma  sodium,  and  creatinine  levels 
were  observed  in  birds  receiving  the  highest  dose  tested.  For 
the  subchronic  study,  embryo  weights  were  significantly  de¬ 
creased  in  a  dose-dependent  manner.  Embryos  from  CL-20- 
exposed  birds  were  observed  to  have  multiple  cranial  and 
facial  deformities,  beak  curvatures,  possible  mid-brain 
enlargement,  and  classic  one-sided  development  with  micro- 
opthalamia  (nonstatistical  comparisons  with  control  em¬ 
bryos).  A  trend  toward  decreased  number  of  eggs  laid  per 
female  bird  was  also  observed.  We  conclude  that  CL-20  (or 
its  degradation  products)  elicits  few  effects  in  adults  but  may 
affect  avian  development,  although  these  preliminary  findings 
should  be  confirmed. 


Correspondence  to:  G.  I.  Sunahara;  email:  geoffrey. sunahara @cnrc- 
nrc.gc.ca 


Hexanitrohexaazaisowurtzitane,  or  CL-20  (Fig.  1),  is  a  high- 
density  polynitro  compound  currently  under  consideration  for 
military  application.  CL-20  is  envisaged  to  deliver  10%  to 
20%  higher  performance  than  octahydro-l,3,5,7-tetranitro- 
1,3,5,7-tetrazocine  (HMX)  and  better  performance  than 
hexahydro-l,3,5-trinitro-l,3,5-triazine  (RDX)  (Nielsen  et  ah 
1998;  Geetha  et  al.  2003).  RDX  and  HMX  are  common 
contaminants  found  in  soil  at  military-related  sites,  and  the 
toxicity  of  these  nitramines  to  terrestrial  vertebrate  species 
such  as  mammals,  amphibians,  and  birds  is  becoming  better 
known  (Schneider  et  al.  1976;  Levine  et  al.  1981;  Talmage  et 
al.  1999;  Gogal  et  al.  2003;  Johnson  et  al.  2004).  Gogal  et  al. 
(2003)  found  the  approximate  lethal  dose  of  acute  oral  RDX 
exposure  in  northern  bobwhite  ( Colinus  virginianus )  to  be 
280  mg/kg  body  weight  (BW)  for  male  and  187  mg/kg  BW 
for  female  birds.  The  dose-dependent  effects  of  RDX  also 
included  a  decrease  in  food  intake,  BW,  and  spleen  and  liver 
mass  for  14  days  but  not  for  90  days  of  exposure.  Although 
the  effects  of  CL-20  in  plant  and  soil  invertebrate  species 
have  been  recently  reported  (Gong  et  al.  2004;  Robidoux  et 
al.  2004),  no  data  are  available  on  the  toxicity  of  CL-20  in 
birds. 

CL-20  is  a  polycyclic  nitramine  characterized  by  having 
N-N02  bonds,  similar  to  the  two  monocyclic  nitramines  RDX 
and  HMX.  Based  on  these  structural  similarities,  we 
hypothesized  that  the  effects  of  CL-20  to  birds  will  be  similar 
to  those  of  RDX.  In  the  present  study,  we  investigated  the 
toxic  effects  of  CL-20  on  the  gallinaceous  test  species  Jap¬ 
anese  quail  ( Coturnix  coturnix  japonica )  exposed  to  repeated 
daily  doses  of  CL-20.  We  selected  this  species  because  it  is 
amenable  to  laboratory  toxicity  testing,  and  species  of  this 
order  can  have  significant  dietary  exposure  to  soil  based  on 
their  foraging  and  behavioral  habits.  This  species  has  been 
used  in  many  standard  toxicity  testing  regimes  for  standard 
avian  toxicity  testing  (American  Society  for  Testing  and 
Materials  [ASTM]  1997;  United  States  Environmental  Pro¬ 
tection  Agency  [USEPA]  1996a,  1996b;  Organization  for 
Economic  Cooperation  and  Development  [OECD]  1984a, 
1984b).  Data  generated  using  these  standardized  toxicity  test 
methods  will  be  useful  for  the  ecotoxicologic  risk  assessment 
of  birds  exposed  to  CL-20. 
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(Hexanitrohexaazaisowurtzitane) 


relative  humidity  increased  to  70%.  Eggs  were  grouped  at  the  center 
of  the  incubator  on  a  5-mm  mesh  until  they  hatched.  When  dry, 
quail  chicks  were  transferred  to  a  heated  brooder  (35°C  achieved 
using  an  electric  resistance  element)  under  constant  illumination 
with  red  incandescent  light  to  prevent  eye  damage.  Birds  were  fed  a 
diet  of  powdered  Turkey  Starter  (Purina  Mills,  St  Louis,  MO)  and 
tap  water  ad  libitum  until  14  days  of  age.  Quail  were  then  main¬ 
tained  under  controlled  conditions  of  temperature  (22.0°C  ±  3.0°C), 
relative  humidity  (50.0%  ±  6.0%),  and  lighting  (14  hours  light  to  10 
hours  dark). 


HMX 

(octahydro-  1,3,5,  7-  tetranitro- 1,3,5,  7-tetrazocine) 
NO, 

i  2 


N  N 

o2n^  ^no2 

RDX 

(hexahydro- 1,3,5-  trinitro- 1,3,5  -triazine) 

Fig.  1.  Molecular  structures  of  the  cyclic  nitramine  explosives  CL- 
20,  HMX,  and  RDX.  CL-20  =  hexanitrohexaazaisowurtzitane;  HMX 
=octahydro-l,3, 5, 7-tetranitro-l, 3,5, 7-tetrazocine;  RDX  =  hexahydro- 
l,3,5-trinitro-l,3,5-triazine 


Materials  and  Methods 

Chemicals  and  Reagents 

CL-20  (Chemical  Abstracts  Service  [CAS1  no.  135285-90-4)  in  the  e 
form  (purity  >95%)  was  obtained  from  ATK  Thiokol  Propulsion 
(Brigham  City,  UT).  Acetonitrile  and  acetone  (high-performance  li¬ 
quid  chromatography  [HPLC]-grade)  were  obtained  from  EM  Sci¬ 
ence  (Darmstadt,  Germany).  All  other  chemicals  and  reagents  were  of 
the  highest  grades  of  purity  available  and  were  obtained  from 
Anachemia  (Milwaukee,  WI).  Deionized  water  was  obtained  using  a 
Zenopure  Mega-90  water  purification  system  (Zenon  Environmental 
Inc,  Burlington.  Ontario).  All  glassware  was  washed  with  phosphate- 
free  detergent,  rinsed  with  acetone,  and  acid  washed  before  a  final 
rinse  with  deionized  water. 


Raising  of  Test  Species 

Fertilized  Japanese  quail  (C.  coturnix  japonica)  eggs  (n  =  70  for 
subacute  study  and  n  =  120  for  subchronic  study)  obtained  from  a 
local  breeder  (Couvoir  Simetin,  Mirabel,  PQ,  Canada)  were  placed 
in  an  environment-controlled  incubator  at  37°C  ±  1°C  (SD),  with 
65%  ±  5%  relative  humidity,  and  turned  180°  every  fourth  hour. 
Three  days  before  hatching,  rotation  of  eggs  was  stopped  and  the 


Experimental  Design 

The  subacute  study  (Fig.  2A)  described  in  this  article  was  modified 
from  the  USEPA  (1996a)  and  OECD  (1984a)  guidelines.  Forty-four 
2-week-old  quail  were  weighed,  banded,  and  observed  for  any 
abnormalities.  A  blood  sample  (1  ml)  was  taken  from  the  jugular 
vein  (described  later),  and  each  bird  was  then  randomly  assigned  to 
one  of  six  groups  (n  =  7  to  8/group  for  n  =  44  total).  Animals  were 
housed  together  in  stainless  steel  cages  (61  cm  wide  x  76  cm  long  x 
41  cm  high;  10-mm  mesh  floor)  (2  to  3  individuals/cage)  and  were 
uniquely  identified  by  a  leg  band.  Two  days  later,  birds  were  ga- 
vaged  daily  for  5  days  with  pulverized  commercial  feed  (Ralston 
Purina  Turkey  Grower)  containing  CL-20.  Briefly,  the  feed  was 
pulverized  using  a  hand-held  blender  until  a  granular  consistency  was 
formed,  then  CL-20  was  added.  The  CL-20-contaminated  feed  was 
prepared  daily,  and  the  doses  were  adjusted  to  the  BW  that  was  taken 
daily  during  the  dosing  period  (1%  of  BW).  To  deliver  the  con¬ 
taminated  feed,  the  desired  quantity  was  transferred  into  a  5-ml 
syringe,  and  1  ml  water  was  added  to  the  syringe  to  form  a  slurry.  A 
10-gauge  stainless  steel  curved  feeding  tube  equipped  with  a  Luer 
Lock  fitting  (Becton  Dickinson,  Canada)  onto  the  syringe  was  in¬ 
serted  down  the  esophagus  to  the  crop.  The  slurry  was  administered 
gently  to  ensure  minimal  regurgitation.  The  calculated  doses  deliv¬ 
ered  (mg  CL-20/kg  BW)  were  307  ±  1,  964  ±  8,  2439  ±12, 
3475  ±  5,  and  5304  ±  53.  A  second  blood  sample  (from  1  to  1.5  ml) 
was  collected  5  days  after  completion  of  the  dosing.  At  the  end  of  the 
experiment  (day  14  of  study),  birds  were  anesthetized  and  a  third 
blood  sample  (5  ml)  was  procured.  While  under  deep  anaesthesia, 
birds  were  killed  (as  desired  later),  and  the  organs  (heart,  brain,  liver, 
and  spleen)  were  weighed  and  frozen  at  -80°C  for  residual  CL-20 
analysis.  The  somatic  index  (%)  was  calculated  as  the  wet  organ 
weight  (g)  per  100  g  BW. 

The  subchronic  study  described  in  this  article  was  modified 
from  the  USEPA  (1996b)  and  OECD  (1984b)  guidelines.  The 
lighting  period  was  changed  (16  hours  light  to  8  hours  dark)  to 
provide  optimal  reproductive  conditions  when  the  quail  were 
2  weeks  old.  The  birds  (n  =  48)  were  then  randomly  assigned  to 
one  of  each  of  the  four  dose  groups  (described  below)  in  tripli¬ 
cate.  Each  exposure  was  conducted  in  triplicate,  each  group  (three 
female  and  one  male  bird)  was  housed  in  stainless  steel  cages 
(described  above).  Quail  were  uniquely  identified  by  a  leg  band. 
During  this  period,  close  surveillance  was  required  to  monitor  any 
signs  of  increased  aggression.  Individuals  injured  or  demonstrating 
incompatible  behavior  relative  to  the  group  were  replaced.  Eggs 
were  collected  and  incubated  during  the  pre-exposure  period  to 
verify  fertility  and  thus  ensure  that  only  proven  breeders  were 
included  in  this  study.  Two  days  before  the  start  of  feeding  CL-20 
diets  when  quail  were  54  days  old,  a  blood  sample  (2  ml)  was 
taken  from  each  bird.  The  diets  were  prepared  by  mixing  CL-20 
(previously  dissolved  in  acetone)  with  commercial  feed  (Ralston 
Purina  Turkey  Grower)  to  achieve  nominal  concentrations  de¬ 
scribed  later.  Acetone  was  allowed  to  evaporate,  and  the  CL-20 
feed  mixture  was  then  placed  in  glass  jars  and  stored  at 
4.0°C  ±  2.0°C  in  the  absence  of  light.  Measured  concentrations  of 
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Fig.  2.  Schedule  for  the  two  CL-20  exposure  studies.  (A)  Subacute  study.  (B)  Subchronic  study 


CL-20  in  the  feed  were  analyzed  using  HPLC  (11  ±  1,  114  ±  26, 
and  1085  ±  52  mg  CL-20/kg  feed  corresponding  to  the  nominal 
exposure  groups  of  10,  100,  and  1000  mg/kg  BW,  respectively), 
and  were  found  to  be  consistent  throughout  the  study.  All  feed 
was  provided  daily  ad  libitum.  Daily  feed  consumption  was  esti¬ 
mated  as  the  difference  between  initial  and  final  feed  weight  plus 
the  quantity  of  unconsumed  pellets  recovered  from  the  litter  pans, 
which  was  determined  daily  for  the  first  2  weeks  of  the  study  and 
then  on  every  alternate  day. 

A  subsample  of  eggs  (based  on  total  eggs  collected,  n  =  15  to  20/d) 
were  collected  and  frozen  at  -80°C;  the  remaining  eggs  (n  =  10  to  12 
collected/d)  were  stored  in  a  refrigerator  (16°C  ±  1°C  and  60%  to 
70%  humidity)  for  5  days.  Eggs  of  the  latter  group  were  then  incu¬ 
bated  at  37.8°C  and  60%  relative  humidity.  After  8  days  of  incuba¬ 
tion,  the  eggs  were  cooled  to  4°C,  and  embryos  were  removed  and 
weighed.  Embryos  were  then  preserved  in  capped  vials  containing 
10%  formalin,  and  they  were  stored  at  room  temperature  in  the  dark 
until  further  evaluation  of  developmental  effects.  Embryos  were 
evaluated  according  to  the  Hamburger-Hamilton  system  (1951)  for 
normal  stages  of  chick  embryo  development.  At  the  end  of  the  6-week 
exposure  period,  the  adult  birds  were  killed  and  examined  for  gross 
lesions.  Liver,  spleen,  heart,  and  brain  were  excised,  weighed,  frozen 
in  liquid  nitrogen,  and  stored  at  -80°C  before  residual  CL-20 
analyses. 

For  both  studies,  birds  were  monitored  daily  for  changes  in 
health  or  disposition  (i.e.,  alertness,  appearance).  For  the  subacute 
study,  BW  gain  was  measured  daily  for  the  duration  of  the  ga- 
vaging  phase  and  then  on  study  days  10  and  14.  Body  weight  and 
feed  consumption  for  the  subchronic  study  were  measured  daily 
for  a  2-week  period  and  then  on  every  alternate  day.  At  the  end 
of  the  experiments,  birds  were  anesthetized  (2%  to  5%  isoflurane), 
and  killed  (90%  CO2  and  10%  CL).  Moribund  animals  were 
treated  in  the  same  fashion.  Manipulation  and  handling  were  in 
accordance  with  the  Canadian  Council  on  Animal  Care  guidelines 
(1984). 


Blood  Collection  and  Analysis 

For  clinical  chemistry  and  hematological  analyses,  female  quail  blood 
was  collected  from  the  jugular  vein  with  a  27-gauge  needle  and  3-ml 
syringe  containing  100  pi  1%  ethylenediaminetetraacetic  acid  solution 
in  saline.  Male  birds  were  not  considered  for  this  study  because  of  the 
low  number  of  male  birds  per  exposure  group  (1  male  bird/3  female 


birds/replicate,  3  replicates/exposure  group).  Blood  was  thoroughly 
mixed,  and  250  pi  was  removed  for  whole-blood  analysis.  Plasma  was 
prepared  in  1.5-ml  Eppendorf  tubes  centrifuged  at  13,000  x  g  for  5 
minutes  and  was  used  either  fresh  for  clinical  chemistry  analysis  to 
screen  for  biochemical  and  pathologic  abnormalities  or  was  stored  at  - 
80°C  for  plasma  residual  CL-20  analysis.  Quail  plasma  was  analyzed 
to  determine  its  clinical  chemistry  profile  (Beckman  LX20  Pro, 
Rochester,  NY);  the  tests  measured  Na,  K,  Cl,  glucose,  creatinine, 
total  protein,  PO4,  total  bilirubin,  direct  bilirubin  uric  acid,  Mg, 
cholesterol,  alanine  aminotransferase,  aspartate  aminotransferase 
(AST),  alkaline  phosphatase,  amylase,  lactate  dehydrogenase,  and 
triglycerides.  For  hematologic  analysis,  one  drop  of  anticoagulated 
blood  was  placed  on  a  microscope  slide,  and  a  smear  was  made.  The 
blood  smear  was  fixed  in  methanol,  stained  with  modified  Wright- 
Giemsa,  and  the  leukocyte  differential  performed  when  100  leuko¬ 
cytes  (lymphocytes,  heterophils,  monocytes,  basophils,  and  eosin¬ 
ophils)  were  enumerated.  Heterophil-to-lymphocyte  ratios  were 
calculated  to  investigate  stress.  For  hematocrit  (HCT)  determination,  a 
nonheparinized  hematocrit  capillary  tube  was  filled  with  anticoagu¬ 
lated  blood.  The  bottom  of  the  capillary  tube  was  sealed  with  a  clay 
plug  and  centrifuged  for  5  minutes  at  3000  rpm,  and  the  HCT  was 
determined  as  the  ratio  between  total  capillary  volume  and  the  packed 
cell  volume  (PCV). 


CL-20  Extraction  from  Quail  Tissue 

CL-20  extractions  were  performed  according  to  USEPA  Method  No. 
8330A  (USEPA  1998)  with  the  following  modifications.  For  CL-20 
exposure  studies,  whole  organs  taken  from  test  animals  were  imme¬ 
diately  homogenized  on  ice  in  7  ml  cold  acetonitrile  using  a  Polytron 
tissue  homogenizer  (30  seconds  for  brain  and  spleen  or  1  minute  for 
heart  and  liver)  in  Teflon  tubes.  After  overnight  sonication  in  the  dark 
at  8°C  (60  Hz;  Branson  3200,  Danbury,  CT),  samples  were  centrifuged 
at  4°C  for  10  minutes  at  10,000  x  g.  To  5  ml  of  the  decanted  super¬ 
natant  was  added  an  equal  volume  of  a  CaCl2  (90  mM)-NaHS04  (1.6 
mM)  solution,  and  the  resulting  mixture  was  vortexed  for  30  seconds 
and  stored  at  4°C  for  2  hours  to  precipitate  proteins.  The  resulting 
solution  was  filtered  through  a  0.45-pm  membrane  before  HPLC 
analysis  (described  later).  To  increase  the  sensitivity  of  the  previously 
described  method,  the  supernatants  of  different  tissue  samples  (liver, 
heart,  brain,  and  kidney)  were  also  concentrated.  Each  supernatant 
(5  ml)  was  evaporated  to  dryness  in  a  Speed  Vac  (Savant,  Hicksville, 
NY).  To  the  precipitate  was  added  500  pi  acetonitrile,  and  the  mixture 
was  vortexed  for  1  minute,  after  which  the  CaCl2-NaHS04  solution 
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Fig.  3.  Changes  in  BW  of  juvenile  Japanese  quail  gavaged  with  CL-20  for  5  days  (subacute  study).  Exposure  schedule  is  shown  in  Figure  2.  Each 
value  (expressed  as  percent  of  control,  which  was  set  at  100%)  is  the  average  ±  SEM  (n  =  6  to  10  birds).  *Value  is  statistically  different  from  the 
control  (p  <  0.05).  The  average  BWs  of  the  control  group  (g  ±  SEM)  (n  =  6  birds)  for  study  days  2,  3,  4,  5,  10,  and  14  were  98  ±  8,  106  ±  6, 
116  ±  7,  126  ±  8,  172  ±  8,  and  202  ±  9,  respectively 


□  control 

□  307  mg/kg 
S3  964  mg/kg 

□  2439  mg/kg 
K33475  mg/kg 


1 5304  mg/kg 


Days  of  Study 


was  added  as  described  previously.  For  the  control  recovery  studies, 
whole  organs  (liver,  brain,  spleen,  or  heart)  were  taken  from  non- 
treated  quail  and  spiked  with  varying  concentrations  of  CL-20  before 
being  immediately  frozen  at  -80°C  for  24  hours.  The  organs  were  then 
thawed  in  cold  acetonitrile,  and  CL-20  was  extracted  as  previously 
described. 


Extraction  of  CL-20  from  the  Test  Diet 


Acetonitrile  extractions  of  test  diet  were  also  performed  using  the 
USEPA  Method  No.  8330A  (USEPA  1998).  One  ml  1.6  mM  NaHS04 
prepared  in  water  was  added  to  2  g  feed  and  vortexed  for  10  seconds. 
To  this  was  added  10  ml  (for  feed  containing  10  mg  CL-20/kg  feed)  or 
20  ml  acetonitrile  (for  feed  containing  100  to  1000  mg  CL-20/kg 
feed),  before  vortexing  for  1  minute. 


HPLC  Analysis 

In  brief,  a  ThermoFinnigan  chromatographic  system  composed  of  a 
model  P4000  pump,  a  model  AS1000  injector,  and  a  model 
UV6000LP  photodiode-array  detector  (7.  =  230  nm)  was  used.  A 
Supelcosil  LC-CN  column  (250  x  4.6  mm,  5-pm  particles;  Supelco, 
Bellefonte,  PA)  was  used  for  separation  with  a  column  heater  set  at 
35°C.  The  isocratic  mobile  phase  consisted  of  methanol  and  water 
(70/30  v/v)  delivered  at  1.0  ml/min.  The  sample  volume  injected  was 
50  pi  with  a  14-minute  run  time.  The  limit  of  quantification  was  0.05 
mg/L.  Relative  SD  for  the  instrument  precision  was  <1.3%  for  con¬ 
centrations  >0.5  mg  CL-20/L  and  7.5%  for  a  concentration  of  0.05  mg 
CL-20/L. 


Statistical  Analysis 

The  data  were  evaluated  by  two-way  and  repeated  measures  analysis 
of  variance  (ANOVA).  Differences  between  exposure  groups  and 
their  respective  controls  were  considered  significant  when  p  <  0.05 
using  the  Dunnett's  test.  Statistical  analysis  was  performed  using 
JMPIN  software  (version  4;  SAS  Institute,  Cary,  NC). 


Treatment  Group  (mg  CL-20/kg  BW/d) 

Fig.  4.  Somatic  index  of  selected  organs  of  juvenile  Japanese  quail 
gavaged  with  CL-20  for  5  days  followed  by  10  days  of  vehicle  only  (no 
CL-20).  Data  are  expressed  as  mean  ±  SD  in  =  44  birds).  Study  design 
is  shown  in  Figure  2.  *Value  is  statistically  different  from  the  control 
ip  <0.05) 


Results 

Subacute  Study 

No  clinical  or  overt  toxic  symptoms  were  observed  during  the 
5-day  exposure  period  to  CL-20.  The  change  in  average  weight 
gain  (expressed  as  the  percent  of  respective  control)  for  each 
exposure  group  is  shown  in  Figure  3.  Data  indicate  that  a  dose- 
dependent  decrease  in  BW  gain  occurred  during  the  first  5 
days  of  the  study  {p  <  0.05).  On  the  second  study  day,  the  CL- 
20  quail  exposure  groups  >964  mg/kg  BW/d  gained  less 
weight  than  the  control  group  (p  <  0.05);  however,  this  effect 
was  not  detected  by  the  end  of  the  study  (day  14  or  10  d  of  no 
CL-20  exposure).  Initial  BWs  before  exposure  were  not  sig¬ 
nificantly  different  between  groups  (data  not  shown). 

Liver  weights  were  significantly  increased  in  the  highest 
dose  group  (5304  mg/kg  BW/d),  whereas  other  organ  weights 
(brain  and  spleen)  were  not  significantly  different  between  CL- 
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Table  1.  Selected  plasma  biochemical  parameters  of  adult  Japanese  quail  exposed  to  CL-20  by  gavage  for  5  days  followed  by  10  days  of 
exposure  with  no  CL-20 


CL-20  exposure  groups  (mg  CL-20  kg  BW/d)a 


Parameters 

0 

307 

964 

2439 

3475 

5304 

P04  (mmol/L) 

3.22 

± 

0.2  lb 

2.89 

± 

0.26 

2.91 

± 

0.26 

2.53 

± 

0.21 

2.73 

± 

0.24 

2.96 

±  0.39 

TP  (g/L) 

19.2 

± 

3.6 

22.0 

± 

2.6 

22.3 

± 

2.9 

18.4 

± 

2.9 

20.8 

± 

2.8 

21.63 

±  3.25 

Glu  (mmol/L) 

16.3 

± 

1.0 

17.0 

± 

0.7 

16.7 

± 

1.0 

16.4 

± 

1.2 

17.1 

± 

1.3 

16.36 

±  1.45 

Cre  (pmol/L) 

20.0 

± 

2.6 

18.6 

± 

3.2 

20.3 

± 

4.0 

18.2 

± 

5.4 

21.8 

± 

4.4 

25.00 

±  3.16* 

Na  (mmol/L) 

143.9 

± 

0.8 

145.5 

± 

1.0 

144.0 

± 

0.8 

144.6 

± 

2.7 

149.5 

± 

1.6 

151.7 

±  2.70* 

ALP  (IU/L) 

592 

± 

327 

711 

± 

253 

1056 

± 

301 

485 

± 

396 

328 

± 

275 

509 

±  230 

ALT  (IU/L) 

4.25 

± 

1.50 

4.20 

± 

1.30 

5.00 

± 

0.82 

4.80 

± 

0.84 

4.50 

± 

1.05 

4.50 

±  0.76 

Uric  (pmol/L) 

201.3 

± 

53.3 

239.2 

± 

78.1 

269.0 

± 

134.8 

195.0 

± 

37.6 

216.0 

± 

101.8 

300.6 

±  68.5 

AMY  (IU/L) 

336 

± 

71 

460 

± 

190 

377 

± 

197 

178 

± 

60 

436 

± 

136 

377 

±  193 

AST  (IU/L) 

101.3 

± 

11.7 

87.3 

± 

10.0 

94.0 

± 

10.1 

107.2 

± 

21.9 

95.5 

± 

13.5 

101.9 

±  11.8 

Choi  (mmol/L) 

5.32 

± 

0.74 

4.06 

± 

0.91 

5.17 

± 

1.52 

5.63 

± 

2.50 

4.67 

± 

0.98 

5.38 

±  1.44 

Dbili  (pmol/L) 

1.25 

± 

0.24 

0.95 

± 

0.21 

0.78 

± 

0.31 

1.40 

± 

0.50 

0.83 

± 

0.27 

1.16 

±  0.49 

Tbili-  (pmol/L) 

2.8 

± 

0.5 

2.6 

± 

1.6 

4.0 

± 

1.2 

2.2 

± 

1.3 

2.3 

± 

1.1 

3.5 

±  0.9 

GGT  (IU/L) 

6.5 

± 

4.5 

8.8 

± 

2.3 

8.0 

± 

1.4 

8.4 

± 

0.9 

7.5 

± 

2.2 

10.0 

±  2.2 

LDH  (IU/L) 

59.8 

± 

13.0 

48.8 

± 

8.4 

47.0 

± 

9.5 

49.2 

± 

12.8 

41.0 

± 

12.7 

56.4 

±  28.8 

TG  (mmol/L) 

1.84 

± 

0.20 

1.42 

± 

0.32 

2.05 

± 

0.91 

2.04 

± 

0.52 

1.49 

± 

0.36 

2.06 

±  0.78 

Mg  (mmol/L) 

0.15 

± 

0.50 

0.20 

± 

0.01 

0.28 

± 

0.05 

0.11 

± 

0.14 

0.10 

± 

0.04 

0.13 

±  0.7 

ALP  =  Alkaline  phosphatase. 

ALT  =  Alanine  aminotransferase. 

AMY  =  Amylase. 

AST  =  Asparatate  aminotransferase. 

Choi  =  Cholestrol. 

CL-20  =  Hexanitrohaxaazaisowurztiane. 

Cre  =  Creatinine. 

Dbili  =  Billirubin. 

GGT  =  y  glutamyltransferase. 

Glu  =  Glucose. 

LDH  =  Lactate  dehydrogenase. 

Tbili  =  Total  Billirubin. 

TG  =  Triglycerides. 

TP  =  Total  proteins. 

a  Measured  concentrations  of  CL-20  intake  by  gavaged  quails. 
b  Data  are  expressed  as  mean  ±  SD  (n  =  4  to  8  birds/exposure  group). 

Exposure  group  is  significantly  different  from  control  using  Dunnett's  test  (p  <  0.05). 


20-treated  and  control  groups  (Fig.  4).  Increases  in  plasma 
sodium  and  creatinine  levels  were  found  in  birds  treated  with 
5304  mg  CL-20/kg  BW/d  compared  with  controls  (Table  1). 
Hematologic  parameters  (heterophil-to-lymphocyte  ratios  and 
hematocrit)  in  the  subacute  study  were  not  statistically  dif¬ 
ferent  between  exposure  groups  compared  with  controls  (data 
not  shown). 


Subchronic  Study 

No  clinical  or  overt  toxic  symptoms  were  observed  during  the 
42-day  exposure  period  in  this  study.  Aggressive  behavior  was 
noted  in  one  individual  who  was  subsequently  isolated  from 
the  control  group.  Another  bird  from  a  different  control  group 
had  to  be  killed  because  of  injuries  inflicted  by  an  aggressive 
control  bird  that  was  subsequently  removed  from  the  triplicate. 
These  observations  were  not  related  to  exposure.  Based  on 
feed  consumption  (feed  consumed  per  number  of  individuals 
in  each  dose  group)  and  mean  BW,  the  calculated  daily  doses 


to  quail  consuming  the  CL-20  diet  were  0,  0.96,  10,  and  94  mg 
CL-20/kg  BW  for  the  measured  0,  11,  114,  and  1085  mg  CL- 
20/kg  feed  exposure  groups,  respectively.  Throughout  this 
study,  no  differences  in  feed  consumption  or  BW  were  ob¬ 
served  between  exposure  groups  (data  not  shown).  Clinical 
chemistry  analysis  of  quail  blood  taken  from  the  subchronic 
study  (Table  2)  revealed  that  the  AST  level  was  increased  by 
1 .25  times  in  the  birds  of  the  highest  measured  feed  dose  level 
(1085  mg  CL-20/kg)  relative  to  controls  ip  <  0.05). 

Embryo  weight  was  found  to  decrease  significantly  and  in  a 
dose-dependent  manner  (Fig.  5).  Based  on  the  measured 
exposure  concentration,  the  unbounded  lowest  observed  ad¬ 
verse  effect  level  for  this  effect  was  1 1  mg/kg  feed.  The 
unintentional  evaporation  of  the  preserving  medium  from 
some  of  the  storage  vials  caused  a  dehydration  of  the  embryos, 
thus  making  these  samples  unsuitable  for  further  analysis. 
Embryos  in  vials  that  still  contained  formalin  were  analyzed. 
In  the  1 14  mg/kg  feed  exposure  group,  two  of  the  six  embryos 
had  multiple  (cranial  and  facial)  deformities,  whereas  in  the 
highest  dose  group  (1085  mg/kg  feed),  three  of  the  nine  em¬ 
bryos  experienced  beak  curvatures,  possible  mid-brain 
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Table  2.  Selected  plasma  biochemical  parameters  of  adult  Japanese  quail  fed  CL-20  for  42  days 


CL-20  exposure  groups  (mg  CL-20/kg  feed)3 


Parameters 

0 

11 

114 

1085 

P04  (mmol/L) 

2.87 

± 

0.63b 

2.56 

± 

0.39 

3.03 

± 

0.84 

2.11 

±  0.71 

TP  (g/L) 

31.6 

± 

4.0 

30.1 

± 

2.3 

33.5 

± 

1.7 

28.3 

±  3.2 

Glu  (mmol/L) 

15.1 

± 

0.99 

15.4 

± 

1.29 

14.5 

± 

0.8 

14.4 

±  0.9 

Cre  (pmol/L) 

30.3 

± 

9.6 

32.4 

± 

4.7 

24.4 

± 

6.1 

27.0 

±  9.6 

Na  (mmol/L) 

144.4 

± 

3.6 

142.3 

± 

1.3 

139.8 

± 

3.5 

142.3 

±  1.3 

ALT  (IU/L) 

5.16 

± 

1.60 

4.83 

± 

2.22 

6.00 

± 

1.63 

6.50 

±  1.51 

Uric  (pmol/L) 

213.4 

± 

58.7 

303.0 

± 

147.0 

136.8 

± 

71.2 

232.3 

±  131.5 

AMY  (IU/L) 

507 

± 

179 

368 

± 

222 

643 

± 

304 

472 

±  154 

AST  (IU/L) 

133.3 

± 

11.6 

144.8 

± 

23.5 

154.6 

± 

27.4 

167.2 

±  23.2  * 

Choi  (mmol/L) 

6.27 

± 

2.06 

4.84 

± 

1.76 

7.39 

± 

3.85 

4.63 

±  1.34 

Tbili  (pmol/L) 

7.65 

± 

1.97 

6.94 

± 

1.45 

8.12 

± 

1.39 

6.98 

±  0.96 

GGT  (IU/L) 

5.88 

± 

1.64 

6.57 

± 

1.13 

6.13 

± 

2.41 

6.43 

±  1.90 

LDH  (IU/L) 

54.8 

± 

59.0 

31.3 

± 

27.0 

34.8 

± 

51.0 

74.2 

±  39.0 

TG  (mmol/L) 

11.7 

± 

2.4 

9.8 

± 

2.7 

10.8 

± 

2.2 

9.2 

±  2.7 

Mg  (mmol/L) 

1.63 

± 

0.33 

1.36 

± 

0.23 

1.48 

± 

0.29 

1.34 

±  0.25 

K  (mmol/L) 

2.9 

± 

0.5 

3.2 

± 

0.3 

2.7 

± 

0.3 

2.9 

±  0.4 

Cl  (mmol/L) 

110.1 

± 

4.2 

107.8 

± 

3.9 

107.1 

± 

3.5 

110.3 

±  3.2 

ALT  =  Alanine  aminotransferase. 

AMY  =  Amylase. 

AST  =  Asparate  aminotransferase. 

Choi  =  Cholestrol. 

CL-20  =  Hexanitrohexaazaisowurtzitane. 

Cre  =  Creatinine. 

GGT  =  y-glutamyltransferase. 

Glu  =  Glucose. 

LDH  =  Lactate  dehydrogenase. 

Tbili  =  Total  bilirubin. 

TG  =  Triglycerides. 

TP  =  Total  proteins 
Uric  =  Uric  acid. 

3  Measured  concentration  in  feed  using  USEPA  Method  8330A. 
b  Data  are  expressed  as  mean  ±  SD  (n  =  7  to  9  birds  group). 

Exposure  group  is  significantly  different  from  control  using  Dunnett's  test  (p  <  0.05). 


Treatment  Group  (mg  CL-20/kg  feed) 

Fig.  5.  Effects  of  42  days  of  dietary  exposure  to  CL-20  on  Japanese 
quail  embryo  weights.  Data  are  mean  embryo  weight  ±  SD 
(n  =  number  of  embryos  evaluated).  *Value  is  statistically  different 
from  the  control  (p  <  0.05) 

enlargement,  and  classic  one-sided  development  with  micro- 
opthalamia.  These  CL-20  exposure-related  deformities  were 
not  observed  in  the  control  group;  however,  two  of  the  nine 


control  embryos  showed  very  slight  ocular  asymmetric  devi¬ 
ations.  No  decrease  in  the  rate  of  development  was  detected; 
all  embryos  were  at  stages  30  to  3 1  (Hamburger  and  Hamilton 
1951).  In  addition,  CL-20  exposure  tended  to  decrease  the 
number  of  eggs  laid  per  female  bird  (0.48  <  p  <  0.99  for  the 
different  treatment  groups  using  the  Dunnett's  two-sided  t  test 
for  multiple  comparisons)  compared  with  controls  (Fig.  6). 


CL-20  Recovery  from  Tissue 

CL-20  was  not  detected  in  the  plasma  or  selected  organs 
(brain,  spleen,  heart,  and  liver)  of  quail  treated  with  CL-20 
(data  not  shown),  despite  the  excellent  recovery  of  the  chem¬ 
ical  (99%  to  105%)  using  different  spiked  tissues  (Figs.  7  and 
8).  This  method  was  specific  for  CL-20  detection  only. 


Discussion 

Few  acute  and  subchronic  effects  were  found  from  oral  CL-20 
exposure  to  quail  in  this  study.  However,  our  42-day  sub¬ 
chronic  study  indicated  that  CL-20  exposure  led  to  significant 
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Fig.  6.  Effects  of  42  days  of  dietary  exposure  to  CL-20  on  the  mean 
number  of  eggs  produced  per  hen.  These  exposure  effects  were  not 
significant  compared  with  controls  ( p  >0.05) 


Fig.  7.  Recovery  of  CL-20  using  spiked  tissue  samples  (A  =  brain; 
O  =  spleen;  ■  =  heart)  and  modified  USEPA  Method  No.  8330A.  R2 
value  was  determined  by  linear  regression  using  least-squares  method 


decreases  in  embryo  weight  without  a  corresponding  effect  on 
developmental  stage.  This  would  suggest  an  effect  on  energy 
metabolism  rather  than  a  decrease  in  the  rate  of  embryonic 
development  per  se.  Although  we  have  evidence  that  CL-20 
exposure  caused  abnormal  developmental  effects,  these  results 
should  be  considered  preliminary  until  a  more  rigorous  tera¬ 
tologic  evaluation  is  done  using  increased  number  of  repli¬ 
cates.  Bhushan  et  al.  (2004a,  2004b)  reported  the  formation  of 
nitrite  N02",  nitrous  oxide  N20,  ammonia,  formic  acid, 
ammonium,  or  glyoxal  from  the  enzymatic  biodegradation  of 
CL-20  by  the  flavin  containing  enzymes,  nitroreductase,  and 
salicylate  1 -monooxygenase.  Quail  have  been  found  to  possess 
both  phase  I  and  II  biotransformation  enzymes  (Gregus  et  al. 
1983).  It  is  possible  that  quail  may  possess  similar  enzymes 
capable  of  degrading  CL-20  and  that  the  presence  of  the 
resulting  degradation  products  may  be  related  to  the  observed 
CL-20  toxicity  in  our  present  studies.  A  preliminary  survey  of 
the  avian  toxicity  literature  failed  to  identify  studies  charac¬ 
terizing  the  toxic  effects  of  the  latter  CL-20  degradation 
products  to  quail.  To  further  characterize  the  reported  effect  of 
embryo  malformation  by  CL-20  and  gain  more  information 
about  the  mechanism  of  CL-20  toxicity  (direct  and  indirect 
effects  of  CL-20  on  the  embryo),  in  ovo  approaches  are  sug¬ 
gested. 

Earlier  studies  have  shown  that  exposure  to  the  mono- 
cyclic  nitramine  explosive  RDX  causes  central  nervous 
system  disturbances  in  birds  (northern  bobwhite),  terrestrial 
salamanders,  and  mammals  (rats  and  miniature  swine) 
(Schneider  et  al.  1976;  Levine  et  al.  1981;  Gogal  et  al. 
2003;  Johnson  et  al.  2004).  Rats  injected  intraperitoneally 
with  500  mg  RDX/kg  BW  had  seizures  before  death. 
Miniature  swine  treated  intravenously  with  RDX  showed 
convulsions  from  12  to  24  hours  after  exposure.  A  recent 
study  reported  that  red-backed  salamanders  (Plethodon 
cinereus)  exposed  to  5,000  mg  RDX/kg  soil  in  laboratory 
microcosms  for  28  days  showed  signs  of  neuromuscular 
effects  including  lethargy,  convulsions,  rolling  and  gaping 
motions,  and  hyperactivity  as  well  as  marked  weight  loss 
(Johnson  et  al.  2004).  In  contrast  to  these  earlier  studies 
using  RDX,  none  of  the  CL-20  treated  birds  in  our  present 
studies  exhibited  signs  of  neurotoxicity. 


Fig.  8.  Recovery  of  CL-20  from  spiked  liver  tissue  using  modified 
USEPA  Method  No.  8330A. 


Earlier  studies  by  Gogal  et  al.  (2003)  showed  that  RDX  in  a 
water  vehicle  was  lethal  to  the  northern  bobwhite  at  a  single 
dose  (>187  mg  RDX/kg  BW)  after  72  hours  exposure.  In  our 
subacute  study,  CL-20  caused  no  mortality  in  adult  Japanese 
quail  gavaged  with  up  to  5304  mg  CL-20/kg  BW.  These  data 
suggest  that  CL-20  is  not  as  lethal  to  galliform  species  as 
RDX.  Physicochemical  differences  between  RDX  (aqueous 
solubility  at  20°C  =  42.58  mg/L,  log  Kow  =  0.90)  and  CL-20 
(aqueous  solubility  at  20°C  =  3.16  mg/L,  log  Kow  =  1.92) 
(Monteil-Rivera  et  al.  2004)  may  favor  the  absorption  or 
bioavailability  of  RDX  relative  to  CL-20  and  may  help  to 
explain  the  differences  in  acute  toxicity. 

Increased  liver-to-BW  ratios  were  observed  in  the  highest 
dose  group  (5304  mg  CL-20/kg  BW/d)  at  10  days  post-CL-20 
exposure,  whereas  the  spleen-  and  heart-to-BW  ratios  were  not 
significantly  altered  compared  with  controls.  This  effect  con¬ 
trasts  with  the  earlier  results  showing  decreased  liver-to-BW 
ratios  observed  for  northern  bobwhite  exposed  to  RDX  in  feed 
(Gogal  et  al.  2003).  Birds  exposed  to  RDX  for  14  days  caused 
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significant  increases  in  hematologic  parameters  such  as  het¬ 
erophil  counts  and  the  heterophil-to-lymphocyte  ratio  as  well 
as  an  increase  in  PCV  (Gogal  et  al.  2003).  In  contrast,  our 
study  using  CL-20  did  not  show  an  effect  of  exposure  on  the 
heterophil-to-lymphocyte  ratio  or  PCV,  suggesting  that  CL-20 
is  not  an  immunotoxicant  or  a  mitogen,  at  least  not  during  this 
period  of  exposure.  It  is  possible  that  immunologic  effects  may 
have  occurred  but  were  reversed  during  our  exposure  schedule 
that  allowed  10  days  of  no  exposure  to  CL-20. 

In  conclusion,  although  CL-20  has  certain  structural  simi¬ 
larities  to  the  monocyclic  nitramine  RDX  (Fig.  1),  this  poly¬ 
cyclic  nitramine  does  not  appear  to  demonstrate  the  same 
profile  of  toxicities  as  RDX  in  quail.  Our  present  study  has 
provided  basic  toxicity  data  and  suggests  that  further  research 
should  be  carried  out  to  study  the  developmental  effects  of  CL- 
20  in  birds. 
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Abstract 

A  dehydrogenase  from  Clostridium  sp.  EDB2  and  a  diaphorase  from  Clostridium  khtyveri  were  reacted  with  CL-20  to  gain  insights 
into  the  enzyme-catalyzed  hydride  transfer  to  CL-20,  and  the  enzyme’s  stereo-specificity  for  either  pro-R  or  pro-S  hydrogens  of 
NAD(P)H.  Both  enzymes  biotransformed  CL-20  at  rates  of  18.5  and  24  nmol/h/mg  protein,  using  NADH  and  NADPH  as  hydride- 
source,  respectively,  to  produce  a  N-denitrohydrogenated  product  with  a  molecular  weight  of  393  Da.  In  enzyme  kinetics  studies  using 
reduced  deuterated  pyridine  nucleotides,  we  found  a  kinetic  deuterium  isotopic  effect  of  2-fold  on  CL-20  biotransformation  rate  using 
dehydrogenase  enzyme  against  (i?)NADD  as  a  hydride-source  compared  to  either  (S)NADD  or  NADH.  Whereas,  in  case  of  diaphorase, 
the  kinetic  deuterium  isotopic  effect  of  about  1. 5-fold  was  observed  on  CL-20  biotransformation  rate  using  (,R)NADPD  as  hydride- 
source.  In  a  comparative  study  with  LC-MS,  using  deuterated  and  non-deuterated  NAD(P)H,  we  found  a  positive  mass-shift  of 
1  Da  in  the  N-denitrohydrogenated  product  suggesting  the  involvement  of  a  deuteride  (D_)  transfer  from  NAD(P)D.  The  present  study 
thus  revealed  that  both  dehydrogenase  and  diaphorase  enzymes  from  the  two  Clostridium  species  catalyzed  a  hydride  transfer  to  CL-20 
and  showed  stereo-specificity  for  pro-R  hydrogen  of  NAD(P)H. 

©  2005  Elsevier  Inc.  All  rights  reserved. 
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CL-20  (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisow- 
urtzitane)  is  a  newly  synthesized  future-generation  energetic 
chemical  [1]  which  may  replace  the  conventionally  used 
explosives  such  as  hexahydro-l,3,5-trinitro-l,3,5-triazine 
(RDX),  octahydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine  (HMX), 
and  2,4,6-trinitrotoluene  (TNT)  [2],  It  is  likely  that  extensive 
use  of  CL-20  in  the  near  future  may  also  raise  similar  envi¬ 
ronmental,  biological,  and  health  concerns  as  those  previ¬ 
ously  experienced  with  other  cyclic  nitramines  such  as 
RDX  and  HMX  [3-5].  Recent  toxicological  studies  have 
shown  the  adverse  effects  of  CL-20  in  various  biological 
receptors  [6-8], 

Several  previous  studies  have  shown  that  CL-20  can  be 
degraded  by  microorganisms  such  as  Pseudomonas  sp. 
FA1,  Clostridium  sp.  EDB2,  Agrobacterium  sp.  strain 
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JS71,  and  white-rot  fungi  [9-12],  by  enzymes  e.g.,  monoox¬ 
ygenase,  nitroreductase,  and  dehydrogenase  [10,13,14],  and 
by  indigenous  degraders  present  in  soils  and  sediments 
[15,16].  However,  none  of  these  reports  has  emphasized 
on  the  mechanism  of  hydride-transfer  to  CL-20. 

Previously,  a  DT-diaphorase  from  rat  liver  catalyzed  a 
hydride  transfer  from  NADPH  to  a  nitramine  compound, 
2 , 4 , 6  - 1  r  i  n  i  t  r  o  p  h  c  n  y  I  -  A'-  m  e  t  h  y  I  n  i  t  r  a  m  i  n  e  (Tetryl),  to  pro¬ 
duce  a  corresponding  N-denitrohydrogenated  product 
[17].  In  another  report,  a  diaphorase  from  Clostridium  kluy- 
veri  catalyzed  a  hydride  transfer  to  a  cyclic  nitramine  com¬ 
pound,  RDX,  followed  by  N-denitration  [18].  Based  on 
the  stoichiometry  of  NADH  consumed  per  reacted  RDX 
molecule,  Bhushan  et  al.  [18]  proposed  the  formation  of  a 
corresponding  N-denitrohydrogenated  product.  The  latter, 
however,  could  not  be  detected  probably  due  to  its  very 
short  half-life.  More  recently,  a  dehydrogenase  enzyme  from 
Clostridium  sp.  EDB2  degraded  CL-20  via  the  formation  of 
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the  N-denitrohydrogenated  product  [10].  None  of  the  above 
studies  elaborated  on  the  enzyme’s  stereo-specificity  for 
either  pro -R  or  pro-5  hydrogens  of  NADH. 

In  the  present  study,  we  employed  two  enzymes,  a  dehy¬ 
drogenase  from  Clostridium  sp.  EDB2,  and  a  diaphorase 
from  C.  kluyveri,  to  study  the  enzyme-catalyzed  hydride 
transfer  to  CL-20,  and  to  gain  insights  into  the  enzyme’s 
stereo-specificity  for  either  pro -R  or  pro-S  hydrogens  of 
NAD(P)H.  We  used  LC  MS  (ES-)  to  detect  a  mass-shift 
in  the  N-denitrohydrogenated  product  following  CL-20 
reactions  with  NAD(P)H  and  NAD(P)D  as  a  hydride- 
source.  Hydrogen-deuterium  exchange  between  the  ND- 
group  of  N-denitrohydrogenated  product  and  the  water 
was  also  examined  during  the  reaction. 

Materials  and  methods 


Reactions  were  performed  at  30  °C.  Three  different  controls  were  prepared 
by  omitting  either  enzyme,  CL-20  or  NAD(P)H(D)  from  the  assay  mix¬ 
ture.  Heat-inactivated  enzyme  was  also  used  as  a  negative  control. 
NAD(P)H(D)  oxidation  was  measured  spectrophotometrically  at  340  nm 
as  described  before  [18],  Samples  from  the  liquid  phase  in  the  reaction  vials 
were  analyzed  periodically  for  the  residual  CL-20,  and  the  N-denitrohy- 
drogenated  product. 

For  enzyme  kinetics,  enzyme  and  CL-20  reactions  were  performed  at 
increasing  CL-20  concentrations  in  the  presence  of  NADH(D)  in  case  of 
dehydrogenase  and  NADPH(D)  in  case  of  diaphorase.  The  data  thus 
obtained  were  used  to  generate  standard  Lineweaver-Burk  plots  (double 
reciprocal  plots). 

Analytical  techniques.  CL-20  was  analyzed  with  a  LC-MS  using  a 
negative  electro-spray  ionization  mode  (ES-)  to  produce  deprotonated 
molecular  mass  ion  as  described  previously  [10,22,23],  Whereas,  N-deni- 
trohydrogenated  product  was  detected,  with  a  LC-MS,  as  an  [M+TFA]~ 
adduct  at  tn/z  506  Da  following  addition  of  trifluoroacetic  acid  (TFA)  in 
the  mobile  phase.  Protein  concentrations  were  estimated  by  bicinchoninic 
acid  (BCA)  kit  (Pierce  Chemicals,  Rockford,  IL)  using  bovine  serum 
albumin  as  standard. 


Chemicals.  CL-20  (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazaisow- 
urtzitane)  in  E-form  and  99.3%  purity  was  provided  by  ATK  Thiokol 
Propulsion,  Brigham  City,  UT,  USA.  NAD+,  NADP+,  ATP.  2-propanol- 
ds,  ethanol-d5,  alcohol  dehydrogenase,  D-glucose-d,,  glucose-6-phosphate 
dehydrogenase,  and  hexokinase  were  purchased  from  Sigma-Aldrich 
chemicals,  Oakville,  Ont.,  Canada.  All  other  chemicals  were  of  the  highest 
purity  grade. 

Enzymes  preparation.  A  dehydrogenase  enzyme  was  isolated  and 
purified  from  Clostridium  sp.  EDB2  as  described  before  [10],  A  diaphorase 
(EC  1.8. 1.4)  from  C.  kluyveri  was  obtained  as  a  lyophilized  powder  from 
Sigma  chemicals,  Oakville,  Ont.,  Canada.  The  enzyme  was  suspended  in 
50  mM  potassium  phosphate  buffer  (pH  7.0)  and  filtered  through  a 
Biomax-5K  membrane  filter  (Sigma  chemicals)  before  resuspending  into 
the  same  buffer.  The  native  enzyme  activity  of  diaphorase  was  estimated 
spectrophotometrically  at  340  nm  (as  per  company  guidelines)  as  the  rate 
of  oxidation  of  NADH  using  2,6-dichlorophenol-indophenol  as  an  elec¬ 
tron  acceptor. 

Synthesis  of  deuterated  and  non-deuterated  pyridine  nucleotides. 
(R)NADD  was  synthesized  by  the  method  described  by  Ganzhorn  and 
Plapp  [19]  with  some  modifications.  A  total  of  25  mM  NAD+,  200  mM 
ethanol-d5,  and  75  U  alcohol  dehydrogenase  were  dissolved  in  5  mL  of 
50  mM  Tris-buffer,  pH  9.0.  The  reaction  was  allowed  to  proceed  at  37  °C, 
and  the  formation  of  (R)NADD  was  monitored  by  following  the  increase 
in  absorbance  at  340  nm.  When  no  further  increase  in  the  OD340  was 
observed,  the  enzyme  was  separated  from  the  reaction  mixture  using 
lOkDa  molecular  weight  cutoff  filter  (Centriprep  YM10,  Amicon  Bio¬ 
separations,  Bedford,  MA). 

(YINADD  was  synthesized  by  the  modified  method  described  by 
Sucharitakul  et  al.  [20],  The  reaction  mixture  was  composed  of:  25  mM 
NAD+,  35  mM  D-glucose-t/i,  80  mM  ATP,  and  75  U  each  of  hexokinase 
and  glucose-6-phosphate  dehydrogenase  in  4  mL  of  100  mM  phosphate- 
buffer  at  pH  8.0.  The  reaction  was  allowed  to  proceed  at  room  tempera¬ 
ture  until  a  maximum  absorbance  was  achieved  at  340  nm.  Enzymes  were 
removed  with  5  kDa  molecular  weight  cutoff  filter.  For  proper  controls, 
non-deuterated  (SINADH  and  (R)NADH  were  also  synthesized  by  uti¬ 
lizing  the  non-deuterated  components  and  by  using  the  identical  proce¬ 
dures  that  were  used  for  (S)NADD  and  (R)NADD,  respectively. 

Furthermore,  (R)NADPD  and  (SINADPD  were  synthesized  by  the 
methods  described  by  Pollock  and  Barber  [21],  Non-deuterated 
(5INADPH  and  (R)NADPH  were  also  synthesized  by  utilizing  the  non- 
deuterated  components  and  by  using  the  identical  procedures  that  were 
used  for  (51NADPD  and  (R)NADPD,  respectively. 

Biotransformation  assays.  Enzyme  catalyzed  biotransformation  assays 
were  performed  under  anaerobic  conditions  in  6  ml  glass  vials.  Anaerobic 
conditions  were  created  by  purging  the  reaction  mixture  with  argon  gas  for 
20  min  in  sealed  vials.  Each  assay  vial  contained,  in  1  mL  assay  mixture, 
CL-20  (25  pM  or  1 1  mg/L),  NADH(D)  or  NADPH(D)  (200  pM),  enzyme 
preparation  (250  pg),  and  potassium  phosphate  buffer  (50  mM,  pH  7.0). 


Results  and  discussion 

Two  purified  enzymes,  a  dehydrogenase  from  Clostridi¬ 
um  sp.  EDB2  and  a  diaphorase  from  C.  kluyveri ,  biotrans¬ 
formed  CL-20  (I)  at  rates  of  18.5  and  24  nmol/h/mg 
protein,  using  NADH  and  NADPH  as  a  hydride-source, 
respectively,  to  produce  a  denitrohydrogenated  product 
(II)  (Fig.  1).  The  latter  had  a  HPLC-retention  time  and  a 
molecular  mass  of  11.8  min  and  393  Da  (detected  as 
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Fig.  1.  (A)  HPLC-UV  chromatogram  of  CL-20  (I)  and  N-denitrohydro- 
genated  product  (II)  obtained  during  CL-20  reaction  with  diaphorase 
from  C.  kluyveri  at  pH  7.0  and  30  °C.  HPLC-UV  chromatogram  of  N- 
denitrohydrogenated  product  obtained  with  dehydrogenase  was  published 
elsewhere  [10],  (B)  Proposed  hydride  transfer  reaction  of  CL-20  and 
possible  hydrogen-deuterium  exchange  between  ND-group  of  product  II 
and  water. 


1082 


B.  Bhushan  et  ah.  I  Biochemical  and  Biophysical  Research  Communications  337  (2005)  1080-1083 


Fig.  2.  Standard  Lineweaver-Burk  plots  of  CL-20  concentration  versus  its 
enzymatic  biotransformation  rate.  (A)  Plots  using  dehydrogenase  enzyme 
from  Clostridium  sp.  EDB2  in  the  presence  of  either  NADH  (O), 
(SINADD  (▼),  or  (R)NADD  (•).  (B )  Plots  using  diaphorase  enzyme 
from  C.  kluyveri  in  the  presence  of  either  NADPF1  (O),  (S')NADPD  (▼)  or 
(R)NADPD  (•).  Data  are  means  of  the  triplicate  experiments,  and  the 
standard  deviations  were  within  8%  of  the  mean  values. 

[M+TFA]-  adduct  mass  at  m/z  506  Da),  respectively. 
Product  11  was  produced  as  a  result  of  an  obligate  transfer 
of  a  hydride  ion  at  the  N-N02  group  of  CL-20  with  the 
concomitant  release  of  a  nitro-group  (Fig.  1).  The  product 
II,  as  reported  in  our  previous  study,  was  unstable  in  water, 
and  therefore  readily  decomposed  to  finally  produce  N02-, 
N20,  and  HCOOH  [10].  Product  II  was  previously  detected 
during  photolysis  and  Fe(0)-mediated  degradation  of  CL- 
20;  however  in  these  reactions,  NAD(P)H  was  not  used 
as  reducing  agent  [22,23].  On  the  contrary,  in  enzyme  cat¬ 
alyzed  reduction  reactions,  the  reduced  pyridine  nucleo¬ 
tides  such  as  NADH  or  NADPH  mainly  serve  as  the 
source  of  hydride  [19-21,24], 

To  understand  the  stereo-specific  effect  of  pro-f?  and 
pro-5  hydrogens  on  hydride  transfer  reactions,  both  en¬ 
zymes,  dehydrogenase  and  diaphorase,  were  reacted  with 
CL-20  in  the  presence  of  either  deuterated  or  non-deuterat- 
ed  reduced  pyridine  nucleotides.  In  case  of  dehydrogenase 
enzyme,  when  Lineweaver-Burk  plots  of  (5)NADD  and 
(7?)NADD  were  compared  with  that  of  NADH,  we  found 
a  2-fold  deuterium  isotopic  effect  with  (f?)NADD  (i.e., 


Vmax  was  2-fold  less  with  (f?)N ADD)  compared  to  NADH, 
whereas  results  with  (S)NADD  were  similar  to  those  of 
NADH  (Fig.  2A).  This  study  revealed  that  dehydrogenase 
stereo-specifically  utilized  pro-(  7?)-hydride  of  NADH  for 
CL-20  reduction  and  that  the  isotope  effect  is  due  to  the 
cleavage  of  (4f?)-deuterium-carbon  bond  in  NADH. 

Furthermore,  in  case  of  diaphorase,  when  Lineweaver- 
Burk  plots  of  (S)NADPD  and  (f?)NADPD  were  compared 
with  that  of  NADPH,  we  found  a  1. 5-fold  deuterium  isoto¬ 
pic  effect  with  (f?)NADPD  compared  to  NADPH,  whereas 
results  with  (5)NADPD  were  closely  identical  to  those  ob¬ 
tained  with  NADPH  (Fig.  2B).  This  study  showed  that 
diaphorase  stereo-specifically  transferred  a  pro-(  /?)-hyd ride 
of  NADPH  to  CL-20  in  order  to  produce  denitrohydroge- 
nated  product  II,  and  that  the  isotope  effect  is  due  to  the 
cleavage  of  (41?) -deuterium-carbon  bond  in  NADPH. 

In  order  to  confirm  the  presence  of  hydride,  from 
NAD(P)H,  in  product  II  (MW  393  Da),  we  performed 
enzymatic  reactions  with  CL-20  in  the  presence  of  either 
NADD  or  NADPD  containing  deuterated  pro-f?  or  deu¬ 
terated  pro-5  hydrogens.  In  a  comparative  study  with 
LC-MS,  using  dehydrogenase,  we  found  a  positive  mass- 
shift  of  1  Da  in  product  II  using  (f?)NADD  compared  to 
either  NADH  or  (5)NADD,  suggesting  the  involvement 
of  a  deuteride  (D-)  transfer  from  ( 7?)NA  DD.  Surprisingly, 
the  mass  signal,  corresponding  to  mono-deuterated  prod¬ 
uct  II  with  MW  394  Da  (detected  as  [M+TFA]-  adduct 
mass  at  m/z  507  Da),  rapidly  decreased  with  time  with  a 
concomitant  increase  in  the  non-deuterated  mass  signal 
corresponding  to  MW  393  Da  (detected  as  [M+TFA]-  ad¬ 
duct  mass  at  m/z  506  Da)  (Table  1).  Similar  results  were 
obtained  when  diaphorase  was  reacted  with  CL-20  in  the 
presence  of  (f?)NADPD  (data  not  shown).  The  above 
experimental  evidence  suggested  that  the  deuterium  at 
ND-group  of  the  product  II  might  be  labile,  and  therefore 
we  detected  a  rapid  exchange  of  D  <->  H  between  ND- 
group  and  water  (Fig.  IB)  as  marked  by  the  rapidly  de¬ 
creased  mass  signal  of  mono-deuterated  product  II  during 
the  course  of  reaction  (Table  1). 

Table  1 

Time-course  of  H  <-»  D  exchange  between  ND-group  of  N-denitrohydro- 
genated  product  and  water  as  followed  with  a  LC-MS  during  dehydro¬ 
genase  catalyzed  hydride  transfer  from  (R)NADD  to  CL-20 

Reaction  time  (min)  Mass  signal  intensity  of 

N-denitrohydrogenated  product 


Non-deuterated 

[M,,V+TFAT 

m/z  506  Da 

Deuterated 

[M*6>dl+TFA] 

m/z  507  Da 

Control13 

216,211 

0 

0 

0 

0 

5 

74,759 

2440 

10 

104,799 

578 

20 

120,673 

342 

a  Molecular  mass  of  N-denitrohydrogenated  product  of  CL-20  as  an 
adduct  with  TFA  ( trifluoroacetic  acid). 

b  CL-20  was  reacted  with  dehydrogenase  in  the  presence  of  NADFi  for 
20  min. 
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Several  enzymes  have  previously  been  reported  to  be  ste¬ 
reo-specific  towards  either  (R)-  or  (S)-hydrogens  of 
NAD(P)H  for  a  hydride  transfer  to  a  variety  of  substrates 
[19-21,24],  However,  the  present  study  is  the  first  one  that 
showed  stereo-specificity  of  two  enzymes,  dehydrogenase 
and  diaphorase  from  Clostridium  species,  toward 
(R)-hydrogens  of  NAD(P)H  for  a  hydride  transfer  to  an 
environmentally  significant  cyclic  nitramine  compound, 
CL-20.  Taken  together,  the  data  presented  here  extend 
our  fundamental  knowledge  about  the  role  of  enzyme-cat¬ 
alyzed  hydride  transfer  reactions  in  CL-20 
biotransformation. 
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Abstract  In  a  previous  study,  a  marine  isolate  Clostridium 
sp.  EDB2  degraded  2,4,6,8,10,12-hexanitro-2,4,6,8,10,12- 
hexaazaisowurtzitane  (CL-20)  under  anaerobic  conditions 
(Bhushan  B,  Halasz  A,  Thiboutot  S,  Ampleman  G,  Hawari  J 
(2004c)  Chemotaxis-mediated  biodegradation  of  cyclic 
nitramine  explosives  RDX,  HMX,  and  CL-20  by  Clostrid¬ 
ium  sp.  EDB2.  Biochem  Biophys  Res  Commun  316:81 6 — 
821);  however,  the  enzyme  responsible  for  CL-20  degra¬ 
dation  was  not  known.  In  the  present  study,  we  isolated  and 
purified  an  enzyme,  from  strain  EDB2,  responsible  for  CL- 
20  degradation.  The  enzyme  was  membrane-associated  and 
NADH-dependent  and  had  a  molecular  weight  of  56  kDa 
(with  SDS-PAGE).  N-terminal  amino  acid  sequence  of 
enzyme  revealed  that  it  belonged  to  dehydrogenase  class 
of  enzymes.  The  purified  enzyme  degraded  CL-20  at  a  rate 
of  18.5  nmol/h  mg  protein  under  anaerobic  conditions.  Car¬ 
bon  and  nitrogen  mass  balance  of  the  products  were  100 
and  64%,  respectively.  In  LC  MS-  MS  studies,  we  detected 
three  different  initial  metabolites  from  CL-20,  i.e.,  mono- 
nitroso  derivative,  denitrohydrogenated  product,  and  dou- 
ble-denitrated  isomers  with  molecular  weight  of  422,  393, 
and  346  Da,  corresponding  to  presumed  empirical  formulas 
of  C6H6N120n,  CeHyNuCfio,  and  C6H6N10O8,  respective¬ 
ly.  Identity  of  all  the  three  metabolites  were  confirmed  by 
using  ring-labeled  [15N]CL-20  and  the  nitro-group-labeled 
[15NO2]CL-20.  Taken  together,  the  above  data  suggested 
that  the  enzyme  degraded  CL-20  via  three  different  routes: 
Route  A,  via  two  single  electron  transfers  necessary  to  re¬ 
lease  two  nitro-groups  from  CL-20  to  produce  two  double¬ 
denitrated  isomers;  Route  B,  via  a  hydride  transfer  necessary 
to  produce  a  denitrohydrogenated  product;  and  Route  C, 
via  transfer  of  two  redox  equivalents  to  CL-20  necessary  to 
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produce  a  mono-nitroso  derivative  of  CL-20.  This  is  the 
first  biochemical  study  which  showed  that  CL-20  degra¬ 
dation  can  be  initiated  via  more  than  one  pathway. 


Introduction 

2, 4, 6, 8, 1 0, 1 2-Hexanitro-2,4,6,8, 1 0, 1 2-hexaazaisowurtzitane 
(CL-20)  is  a  newly  synthesized  future-generation  energetic 
chemical  (Nielsen  et  al.  1998),  which  is  likely  to  replace  the 
conventionally  used  explosives  such  as  hexahydro-1,3,5- 
trinitro-l,3,5-triazine  (RDX),  octahydro-l,3,5,7-tetranitro- 
1,3,5,7-tetrazocine  (HMX),  and  2,4,6-trinitrotoluene  (TNT) 
in  the  future.  Initial  reports  on  biological  toxicity  of  CL-20 
(Gong  et  al.  2004;  Robidoux  et  al.  2004)  have  prompted  the 
research  in  the  area  of  detennining  its  enviromnental  fate 
and  impacts.  It  is  quite  likely  that  extensive  use  of  CL-20  in 
the  near  future  (Giles  2004)  may  also  raise  similar  environ¬ 
mental,  biological,  and  health  concerns  as  those  previously 
experienced  with  structurally  similar  cyclic  nitramines  such 
as  RDX  and  HMX  (Etnier  and  Hartley  1990;  Hoek  2004; 
McLellan  et  al.  1988;  Talmage  et  al.  1999;  Woody  et  al. 
1986;  Yinon  1990). 

Several  previous  reports  on  microbial  ( Pseudomonas  sp. 
FA1)  (Bhushan  et  al.  2003),  enzymatic  (salicylate  1-mono¬ 
oxygenase  and  nitroreductase)  (Bhushan  et  al.  2004a, b), 
and  chemical  (alkali  hydrolysis)  (Balakrishnan  et  al.  2003) 
degradation  of  CL-20  have  shown  that  this  compound  can 
be  degraded  via  an  initial  N-denitration  route.  Recently,  it 
was  found  that  photodegradation  and  Fe(0)-mediated  deg¬ 
radation  of  CL-20  occurred  via  three  different  routes  as 
shown  in  Fig.  1,  i.e.,  N-denitration  (route  A),  N-denitro- 
hydrogenation  (route  B),  and  formation  of  mono-nitroso 
derivative  of  CL-20  (route  C)  (Balakrishnan  et  al.  2004; 
Hawari  et  al.  2004).  However,  no  biological  reaction  has 
been  reported  so  far,  which  showed  that  CL-20  biotrans- 
fonnation  can  proceed  through  a  route  other  than  initial 
N-denitration. 

In  our  previous  study,  we  showed  that  Clostridium  sp. 
EDB2  degraded  CL-20  under  anaerobic  conditions  (Bhushan 
et  al.  2004c);  however,  the  enzyme  responsible  for  CL-20 
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Fig.  1  Proposed  pathway  of  biotransformation  of  CL-20  catalyzed  by  a  dehydrogenase  enzyme  from  Clostridium  sp.  EDB2.  Intermediates 
shown  inside  bracket  were  not  detected 


degradation  was  not  known.  Therefore,  the  objective  of  the 
present  study  was  to  isolate  and  purify  the  enzyme(s),  re¬ 
sponsible  for  CL-20  degradation,  from  strain  EDB2.  LC- 
MS  (ES  )  was  used  to  determine  the  initial  products  and 
other  intemiediates  produced  during  CL-20  degradation. 
We  used  uniformly  ring-labeled  [15N]CL-20  and  unifonnly 
nitro-group-labeled  [15NO2]CL-20  to  identify  the  interme¬ 
diate^).  Radiolabeled  [14C]CL-20  was  used,  due  to  the 
unavailability  of  authentic  standards,  to  quantify  the  initial 
metabolites  (in  terms  of  radioactivity  distribution)  in  order 
to  supplement  the  product  mass  balance. 


Materials  and  methods 

Chemicals 

2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane 
(CL-20)  in  e-form  and  99.3%  purity,  unifonnly  ring-labeled 
[15N]CL-20  (87.6%  purity),  unifonnly  nitro-group-labeled 
[15NO2]CL-20  (99.4%  purity),  and  [UL-14C]CL-20  (96.7% 
chemical  purity,  95.7%  radiochemical  purity,  and  specif¬ 
ic  activity  of  294.5  pCi/mmol)  were  provided  by  ATK 
Thiokol  Propulsion  (Brigham  City,  UT,  USA).  Nitrous 
oxide  (N20)  was  purchased  from  Scott  Specialty  Gases 
(Samia,  ON,  Canada).  All  other  chemicals  were  of  the 
highest  purity  grade. 


Enzyme  purification  and  characterization 

Cells  of  Clostridium  sp.  EDB2  were  grown  as  described 
before  (Bhushan  et  al.  2004c).  The  cell  biomass  was  washed 
two  times  with  normal  saline  and  one  time  with  suspension 
buffer  (Tris-HCl  25  rnM,  sucrose  25  mM,  PMSF  1  mM, 
EDTA  5  mM,  DTT  0.5  mM).  The  washed  cell  biomass 
(0.2  g/ml)  was  subjected  to  disruption  with  a  French  press  at 
20,000  lb/in2.  The  disrupted  cell  suspension  was  centri¬ 
fuged  at  9,000  x  a  for  30  min  at  4°C  to  remove  cell  debris  and 
undismpted  cells.  The  supernatant  thus  obtained  was  ultra- 
centrifuged  at  165,000xg  for  1  h  at  4°C,  The  pellet  (mem¬ 
brane  protein  fraction)  and  supernatant  (soluble  protein 
fraction)  were  separated.  The  membrane-associated  protein 
fraction  was  dissociated  from  the  membrane  preparation  by 
stirring  with  0.2%  Triton-X-100  for  1  h  in  an  ice  bath.  The 
soluble  and  insoluble  fractions  of  the  membrane  prepara¬ 
tion  were  separated  by  ultracentrifugation,  and  the  soluble 
membrane  fraction,  thus  obtained,  was  retained.  The  low 
molecular  weight  proteins  and  peptides  were  removed  from 
the  soluble  membrane  fraction  using  30  kDa  cut  off  mem¬ 
brane,  Centriprep  YM30  (Amicon  Bioseparations).  The 
partially  purified  protein  fraction  was  concentrated  which 
showed  activity  against  CL-20  in  the  presence  of  NADH 
under  anaerobic  conditions.  Therefore,  this  protein  fraction 
was  subjected  to  further  purification  with  ion-exchange  chro¬ 
matography  with  Q-sepharose  column  (HiTrap  Q  XL,  Amer- 
sham  Biosciences)  using  AKTA  protein  purification  system 
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(Amersham  Pharmacia).  Column  bed  volume  and  flow  rate 
were  5.0  ml  and  1.5  ml/min,  respectively.  The  proteins 
bound  to  the  column  were  eluted  with  step-gradient  method 
using  a  20  mM  Tris-HCl  (pH  8.0)  buffer  supplemented 
with  an  increasing  NaCl  concentration  (i.e.,  an  increment 
of  50  mM  of  NaCl  after  every  7  min). 

Enzyme  purity  and  molecular  weight  were  determined 
with  standard  SDS-PAGE  procedure  using  10%  polyacryl¬ 
amide  gel  (Laemmli  1970).  The  protein  content  was  deter¬ 
mined  with  a  Bicinchoninic  acid  protein  assay  kit  from 
Pierce  Chemical  Company  (Rockford,  IL).  Enzyme  spec¬ 
ificity  for  electron  donor  was  determined  by  assaying  the 
enzyme  against  CL-20  in  the  presence  of  either  NADH  or 
NADPH.  Km  and  Vmax  values  against  CL-20  were  deter¬ 
mined  with  standard  Lineweaver-Burk’s  plots. 


N-tenninal  amino  acid  sequencing 

The  purified  enzyme  was  blotted  onto  a  polyvinylidine  fluoride 
(PVDF)  membrane  (Problott  membrane  AB  #400994)  using 
the  method  as  follows:  protein  sample  (about  250  pmol) 
was  subjected  to  electrophoresis  using  a  mini  gel  (Mini 
Protean  II,  Electrophoresis  Cell,  Bio-Rad).  Thereafter,  the 
gel  was  soaked  in  a  transfer  buffer  [10  mM  of  cyclohex- 
ylamino-l-propanesulfonic  acid  (CAPS)  and  10%  v/v  meth¬ 
anol,  pH  1 1 .0]  for  5  min.  The  gel  was  sandwiched  between 
two  sheets  of  PVDF  and  assembled  into  a  blotting  apparatus 
(Mini  Protean  II,  Bio-Rad).  Electroelution  of  proteins  was 
carried  out  at  room  temperature  for  15  min  at  250  mA  in 
transfer  buffer.  After  blotting,  the  PVDF  membranes  were 
stained  with  Coomassie  blue  R-250.  N-terminus  sequence  of 
the  isolated  protein,  on  PVDF  membrane,  was  obtained  by 
automated  Edman  degradation  performed  on  a  model  Procise 
cLC  494  cLC  protein  sequencer  from  Applied  Biosystems 
employing  the  general  protocol  of  Hewick  et  al.  (1981). 
About  1  pmol  of  the  protein  (on  Problott  membrane  AB 
#400994)  was  loaded  onto  the  sequencer.  A  standard  pro¬ 
gram  using  liquid-phase  TFAwas  employed  for  sequencing. 
The  phenylthiohydantoin  amino  acid  (PTH-aa)  derivatives 
were  determined  by  comparison  with  standards  (PTH  stan¬ 
dards,  AB)  analyzed  on-line  on  a  capillary  separation  system 
(ABI  MOD). 


Biotransformation  assays 

Enzyme  catalyzed  biotransformation  assays  were  performed 
under  anaerobic  conditions  in  6-ml  glass  vials.  Anaerobic 
conditions  were  created  by  purging  the  reaction  mixture 
with  argon  gas  for  20  min  in  sealed  vials.  Each  assay  vial 
contained,  in  1  ml  of  assay  mixture,  CL-20  (25  pM  or  1 1  mg 
L1),  NADH  (150  tiM),  enzyme  preparation  (250  pg),  and 
potassium  phosphate  buffer  (50  mM,  pH  7.0).  Higher  CL- 
20  concentrations,  as  compared  to  its  aqueous  solubility 
of  3.6  mg  L1,  were  used  in  order  to  allow  detection  and 
quantification  of  the  intermediate(s).  Reactions  were  per¬ 
formed  at  30°C.  Three  different  controls  were  prepared  by 
omitting  either  enzyme,  CL-20,  or  NADH  from  the  assay 


mixture.  Heat-inactivated  enzyme  was  also  used  as  a  neg¬ 
ative  control.  NADH  oxidation  was  measured  spectropho- 
tometrically  at  340  mn  as  described  before  (Bhushan  et  al. 
2002).  Samples  from  the  liquid  and  gas  phases  in  the  vials 
were  analyzed  for  residual  CL-20  and  biotransfonned 
products. 

To  determine  the  residual  CL-20  concentrations  during 
biotransformation  studies,  at  each  time  point,  the  total  CL- 
20  content  in  one  reaction  vial  was  solubilized  in  50% 
aqueous  acetonitrile  and  analyzed  by  HPLC  (see  below). 
Enzyme  activity  against  CL-20  was  expressed  as  nano¬ 
moles  per  hour  per  milligrams  of  protein  unless  otherwise 
stated. 

CL-20  and  its  intermediates,  glyoxal  (OHC-CHO), 
HCOOH,  N20,  and  NCL,  were  analyzed  as  described  pre¬ 
viously  (Balakrishnan  et  al.  2004;  Bhushan  et  al.  2003, 
2004a, b,c;  Hawari  et  al.  2004).  Nitrous  oxide  detection 
method  (gas  chromatograph  with  electron  capture  detector) 
was  much  more  sensitive  (lowest  detection  limit  0.022 
nmol/ml)  compared  to  the  nitrite  detection  method  (HPLC 
ion  conductivity  detector)  (lowest  detection  limit  5.434 
nmol/ml). 

Due  to  unavailability  of  the  authentic  reference  samples 
of  CL-20  intermediates,  we  quantified  the  initial  metabo¬ 
lites  in  terms  of  dpm  (radioactivity)  counts  using  radiola¬ 
beled  [14C]CL-20.  A  reacted  CL-20  sample  was  injected 
into  HPLC-UV,  the  fractions  corresponding  to  each  me¬ 
tabolite  were  collected,  and  the  radioactivity  (in  terms  of 
dpm)  associated  with  them  were  measured  with  a  liquid 
scintillation  counter  (Packard,  Tri-Carb  4530,  model  2100 
TR,  Packard  Instruments  Company,  Meriden,  CT). 


Attempted  isolation  and  purification  of  metabolite  IV, 

1 ,4,5,8-tetranitro- 1 ,3u,4,4«,5,7a,8,8«-octahydro- 
diimidazo [4, 5 -b :4 ', 5 '-ejpyrazine  (C6H6N ! 0O8) 

Previously,  we  hypothesized  that  metabolite,  IV  (and  its 
isomer  V)  (Fig.  1),  was  unstable  in  water  and  decomposes 
spontaneously  to  eventually  produce  N20,  glyoxal,  and 
HCOOH  (Balakrishnan  et  al.  2004;  Bhushan  et  al.  2004a, b; 
Hawari  et  al.  2004).  In  order  to  determine  the  fate  of 
metabolite  IV  in  the  degradation  pathway,  we  produced  and 
purified  this  compound  by  degrading  CL-20  with  resting 
cells  of  Clostridium  sp.  EDB2.  The  bacterial  cells  were 
grown  in  anaerobic  batch  culture  containing  1  1  of  Luria- 
Bertani  broth  supplemented  with  15  mg  L1  of  CL-20.  The 
cells  were  separated  by  centrifugation,  washed  three  times 
with  normal  saline,  and  suspended  in  100  ml  of  50  mM 
phosphate  buffer  pH  7.0.  CL-20  (10  mg)  was  added  to  the 
cell  suspension  from  a  stock  solution  made  in  acetone. 
Reaction  was  performed  under  anaerobic  conditions  (under 
argon  atmosphere)  for  1  h,  and  thereafter,  cells  were  re¬ 
moved  by  centrifugation.  The  supernatant  containing  the 
metabolite(s)  was  passed  through  Sep-Pak  RDX  column 
(Supelco  Co.).  Metabolite  IV  and  residual  CL-20  were 
retained  on  the  column.  The  loaded  column  was  first  washed 
with  10  ml  of  water  followed  by  10  ml  of  10%  aqueous 
acetonitrile  solution.  The  bound  metabolite  fractions  were 
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then  eluted  with  50%  aqueous  acetonitrile  solution.  One- 
milliliter-size  fractions  were  collected  and  subjected  to  LC- 
MS  (ESA  to  follow  the  elution  profile  of  metabolite  IV.  The 
latter  was  eluted  and  collected  in  acetonitrile-water  (1:1) 
mixture.  Acetonitrile  was  evaporated  under  argon  gas,  and 
water  phase,  containing  the  metabolite,  was  lyophilized  at 
-50°C.  The  dried  material,  thus  obtained,  was  stored  at 
-20°C.  A  part  of  purified  metabolite  IV  was  suspended  in 
deionized  water  and  its  disappearance  was  followed  over 
time  using  LC-MS  (ES  ). 


Results  and  discussion 

Enzyme  isolation  and  properties 

Previously,  we  reported  that  resting  cells  of  strain  EDB2 
biotransformed  CL-20  under  anaerobic  conditions  in  the 
presence  ofNADH.  We  detected  some  end-products  includ¬ 
ing  N02,  N20,  and  HCOOH;  however,  no  other  interme¬ 
diates  were  detected  (Bhushan  et  al.  2004c).  In  the  present 
study,  we  isolated  and  purified  an  enzyme,  responsible  for 
CL-20  biotransformation,  from  strain  EDB2.  Various  pro¬ 
tein  fractions  were  made  from  strain  EDB2,  and  their  acti¬ 
vities  against  CL-20  were  determined  under  both  aerobic 
and  anaerobic  conditions.  We  found  that  enzyme  activity 
towards  CL-20  was  largely  associated  with  membrane  pro¬ 
tein  fraction  (Table  1).  Subsequent  ion-exchange  chroma¬ 
tography  using  Q-sepharose  gave  a  purified  enzyme  fraction 
at  300  mM  NaCl  step-elution  gradient.  The  molecular  weight 
of  purified  enzyme  was  found  to  be  56  kDa  as  deter¬ 
mined  with  standard  SDS-PAGE  (Fig.  2).  The  N-terminal 
amino  acid  sequence  (20  amino  acids)  of  the  enzyme 
was  “AVKVAINGFGRIGRLAFRQM.”  A  comparison  with 
BLAST  database  revealed  that  N-tenninal  amino  acid  se¬ 
quence  of  purified  enzyme  matched  with  a  variety  of  de- 


Table  1  Purification  of  CL-20  degrading  dehydrogenase  enzyme 
from  Clostridium  sp.  EDB2 


Protein  fraction 

Total  Total 
protein  enzyme 
(mg)  activity3 

Specific  Yield 
activity13  (%) 

Purification¬ 

fold 

(1)  Crude  extract 

280.0 

1,568 

5.6 

100 

1.0 

(2)  Soluble  fraction 

202.0 

465 

2.3 

29.6 

0.4 

(3)  Membrane- 
associated  fraction 

56.4 

547 

9.7 

34.9 

1.7 

(4)  Membrane 
fraction  washed 

and  concentrated 
with  Centriprep 
YM30 

23.2 

283 

12.2 

18.0 

2.1 

(5)  Ion  exchange 
(Q-sepharose) 

5.7 

106 

18.5 

6.7 

3.3 

“Enzyme  activity  was  determined  against  CL-20 
bSpecific  activity  was  determined  in  terms  of  nanomoles  of  CL-20 
degraded  per  hour  per  milligrams  of  protein 


Fig.  2  SDS-PAGE  picture 
showing  band  of  purified  dehy¬ 
drogenase  enzyme  from  Clos¬ 
tridium  sp.  EDB2  in  lane  A,  and 
the  standard  molecular  weight 
protein  markers  in  lane  B  (from 
top  to  bottom  66,  45,  36,  29,  24, 
and  14.2  kDa) 


A  B 


hydrogenases  from  several  Clostridium  spp.,  e.g.,  glycer- 
aldehyde-3-phosphate  dehydrogenases  from  Clostridium 
pasteurianum  and  Clostridium  acetobutylicum,  20oc-hy- 
droxysteroid  dehydrogenase  from  Clostridium  scindens, 
/wyo-inositol  2-dehydrogenase  from  Clostridium  tetani ,  and 
Fe-S  oxidoreductase  from  Clostridium  thermocellum  with 
^-values  of  8xl(T9,  3xl(T8,  2xl(T5,  0.018,  and  0.19,  re¬ 
spectively.  Therefore,  we  classified  the  enzyme,  isolated 
from  strain  EDB2,  in  dehydrogenase  class. 

The  enzyme  activity  against  CL-20  under  anaerobic  and 
aerobic  conditions  were  18.5  and  1.6  nmol/h  mg  protein, 
respectively,  in  the  presence  of  NADH,  suggesting  that 
anaerobic  conditions  favored  the  reaction.  As  reported  in 
our  previous  study  (Bhushan  et  al.  2004b),  molecular  oxy¬ 
gen  (02)  quenches  electron  from  the  CL-20  free-radical 
anion,  converting  it  back  to  the  parent  CL-20  molecule  and 
thus  enforcing  a  futile  redox  cycling.  Analogously,  in  the 
present  study,  route  A  (Fig.  1),  being  the  major  pathway  of 
CL-20  biotransformation  that  occurs  via  fonnation  of  CL-20 
free-radical  anion  (discussed  below),  was  inhibited  under 
aerobic  conditions.  Therefore,  subsequent  experiments  were 
carried  out  under  anaerobic  conditions.  In  enzyme-kinetic 
studies,  we  found  that  the  purified  enzyme  degraded  CL-20 
at  a  rate  of  18.5  and  2.7  nmoFh  mg  protein  (Table  1)  in  the 
presence  of  NADH  and  NADPH,  respectively,  indicating 
that  the  enzyme  was  mainly  NADH-dependent.  The  apparent 
Km  and  Fmax  values  against  CL-20,  detennined  with  standard 
Lineweaver-Burks  plots,  were  found  to  be  26.8  pM  and  25 
nmol/h  mg  protein,  respectively. 


Biotransfonnation  of  CL-20  with  purified  enzyme 

In  a  time  course  study,  the  biotransformation  of  CL-20  was 
accompanied  by  gradual  release  of  nitrite  and  nitrous  oxide 
(Fig.  3).  The  concomitant  formation  of  nitrite  with  the 
removal  of  CL-20  indicated  that  degradation  of  the  ener¬ 
getic  chemical  proceeded  via  initial  N-denitration  route 
(Fig.  la);  however,  we  were  not  sure  whether  this  was  the 
only  degradation  route.  Contrariwise,  the  release  of  nitrous 
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Fig.  3  Time  course  of  biotransformation  of  CL-20  by  the  purified 
enzyme  (1  mg)  from  Clostridium  sp.  EDB2  under  anaerobic  con¬ 
ditions.  Residual  CL-20  (•),  nitrite  (o),  and  nitrous  oxide  ( T ).  Data  are 
means  of  results  from  triplicate  experiments,  and  error  bars  indicate 
standard  errors.  Some  error  bars  are  not  visible  due  to  their  small  size 


oxide  from  CL-20  was  indicative  of  ring  opening  and  de¬ 
composition  of  the  molecule.  This  is  to  be  noted  that  CL-20 
is  unstable  in  water  if  kept  for  longer  hours  (Monteil-Rivera 
et  al.  2004);  however,  in  the  present  study,  we  perfonned 
enzymatic  reactions  for  short  time  period  (up  to  2  h)  and 
found  negligible  CL-20  degradation  in  control  experiments 
without  enzyme. 

Furthermore,  during  a  time-course  reaction  using  HPLC- 
UV,  we  detected  three  different  initial  metabolites,  II,  III,  IV 
(and  isomer  V),  that  appeared  simultaneously  as  early  as  1 5 
min  of  the  reaction  (Fig.  4a).  The  deprotonated  molecular 
mass  ion  [M  II]  of  the  metabolites,  II,  IV,  and  V,  as  de¬ 
termined  with  LC-MS  (ES  )  were  421,  345,  and  345  Da,  cor¬ 
responding  to  presumed  empirical  formulas  of  C6H6N120n, 
C6H6N10O8,  and  C6H6N10O8,  respectively  (Fig.  4c,  e-f). 
Metabolites  IV  and  V  had  identical  masses  and  therefore 
were  identified  as  isomers.  However,  IV  and  V  were  dif¬ 
fered  in  their  retention  times  of  8.65  and  8.10  min,  re¬ 
spectively  (Fig.  4  and  Table  2),  most  probably  due  to 
difference  in  their  polarities.  On  the  other  hand,  metabolite 
III  was  detected  as  a  mass  of  nitrate  adduct  [M+NO3]  at 
455  Da  corresponding  to  a  presumed  empirical  formula  of 
C6H7NnO10  (Fig.  4d).  The  retention  times  and  [M  H]  of 
all  the  detected  metabolites  were  closely  similar  with  those 
detected  earlier  during  Fe(0)-mediated  reduction  and  photo¬ 
degradation  of  CL-20  (Balakrishnan  et  al.  2004;  Hawari 
et  al.  2004). 

Further  confirmation  of  the  above  metabolites  was 
carried  out  by  using  unifonnly  ring-labeled  [15N]CL-20. 
The  [M  I IJ  of  products  II,  IV  and  V  were  observed  at  427, 
351,  and  351  Da,  respectively,  whereas  product  III  was 
observed  as  a  nitrate  adduct  [M+NO3]  at  461  Da,  indi¬ 
cating  an  increase  in  mass  by  6  Da  in  each  case  representing 
the  incorporation  of  the  six  [15N]-ring  atoms  in  all  the  me¬ 
tabolites.  Subsequently,  when  experiment  was  perfonned 
with  nitro-group-labeled  [ 1 5NO2]CL-20,  the  [M-H]  of  prod¬ 
ucts  II,  IV,  and  V  were  observed  at  427,  349,  and  349  Da, 
respectively.  Contrariwise,  product  III  was  observed  as  a 
nitrate  adduct  [M  INC),]  at  460  Da,  indicating  the  incorpo¬ 
ration  of  six  [15N]  atoms  in  II,  five  [15N]  atoms  in  III,  and 


only  four  [15N]  atoms  in  IV  and  V.  Experiments  with  uni¬ 
formly  ring-labeled  [15N]CL-20  and  nitro-group-labeled 
[15NO2]CL-20  did  confirm  the  identities  of  II,  III,  and  IV 
and  V  as  mono-nitroso  derivative,  denitrohydrogenated  prod¬ 
uct,  and  double-denitrated  product  of  CL-20,  respectively 
(Fig.  1).  All  of  the  above  metabolites  were  transient  and 
disappeared  with  time  to  eventually  produce  nitrite,  nitrous 
oxide,  glyoxal,  and  formate  (Figs.  1  and  3).  The  properties 
of  the  above  metabolites  are  described  in  Table  2. 

Due  to  unavailability  of  authentic  standards  of  CL-20 
metabolites,  we  quantified  each  metabolite  by  using  14C- 
radiolabeled  CL-20.  Since  each  of  II,  HI,  IV,  and  V  inherited 
six  carbons  from  the  parent  CL-20  molecule,  the  radioac¬ 
tivity  associated  with  each  of  them  and  their  molar  quan¬ 
tities  should  be  comparable  with  that  of  CL-20.  Therefore, 
relative  quantification  of  radiolabeled  metabolites  was  car¬ 
ried  out  by  determining  the  amount  of  radioactivity  (in 
terms  of  dpm)  associated  with  each  metabolite  following 
their  separation  and  fractionation  with  HPLC  and  by  com¬ 
paring  them  with  that  of  CL-20.  Radioactivity  distribution 
associated  with  metabolites,  in  tenns  of  percentage  of  CL- 
20,  has  been  shown  in  detail  in  Table  3.  We  were  able  to 
recover  almost  1 00%  of  the  carbon  mass  at  1 5  and  45  min  of 
the  time  course. 

The  nitrogen  mass  balance  was  determined  from  a 
parallel  time-course  experiment  as  shown  in  Fig.  3.  At  2-h 
experiment,  we  recovered  1.5  mol  N02  and  3.1  mol  N20 
per  reacted  mole  of  CL-20,  which  accounted  for  a  total  of 
64%  nitrogen.  The  remaining  nitrogen  would  most  prob¬ 
ably  be  present  in  metabolites  III,  IV,  V,  and  other  uniden¬ 
tified  polar  products  as  shown  in  Table  3. 


Insight  into  the  secondary  degradation  pathway 

In  our  previous  studies,  we  hypothesized  that  metabolite  IV 
should  be  unstable  in  aqueous  medium  due  to  the  presence 
of  two  imine  (-C=N— )  bonds,  which  are  very  prone  to  attack 
by  water  molecules  (March  1985).  We  also  verified,  with 
LC-MS-MS,  the  addition  of  two  water  molecules  to  IV 
using  180-labeled  water  (H2180)  and  D20  (Bhushan  et  al. 
2004a;  Hawari  et  al.  2004).  In  the  present  study,  we  isolated 
and  purified  IV  using  resting  cells  of  strain  EDB2  (see 
“Materials  and  methods”).  A  part  of  purified  IV  was 
suspended  in  deionized  water  and  its  disappearance  was 
followed  over  time  using  LC-MS  (Fig.  5a).  We  found  that 
metabolite  IV  was  unstable  in  water  and  was  gradually 
converted  to  another  metabolite  IVa  (with  a  [M-H]-  at  381 
Da)  by  the  addition  of  two  water  molecules  across  — C=N— 
bonds.  The  apparent  half-life  of  IV  in  deionized  water  at 
10°C  was  detennined  as  150  min  (Fig.  5a).  Furthermore, 
IVa  underwent  rearrangement  accompanied  by  ring  cleav¬ 
age  to  produce  metabolite  IVb,  which  also  have  a  [M-H]-  at 
381  Da  (Fig.  5b).  The  latter  disappeared  with  time,  suggest¬ 
ing  that  IVb  was  also  unstable  in  water.  Intermediates  IV, 
IVa,  and  IVb  were  also  detected  during  enzymatic  and 
photodegradation  of  CL-20  in  aqueous  solution  (Bhushan 
et  al.  2004a;  Hawari  et  al.  2004),  suggesting  that  initial 
denitration  whether  chemical,  physical,  or  biological  leads 
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Fig.  4  (a)  LC-UV  chromato¬ 
gram  of  CL-20  (I)  and  its  meta¬ 
bolites  (II- V)  produced  during 
the  reaction  of  CL-20  with 
enzyme  from  Clostridium  sp. 
EDB2.  LC/MS  (ESI  spectra  of 
the  deprotonated  mass  ions 
[M-Hr  of  CL-20  (I)  and  its 
metabolites  II,  IV,  and  V  were  at 
437  Da  (b),  421  Da  (c),  345  Da 
(e),  and  345  Da  (f),  respectively, 
whereas  metabolite  III  was 
detected  as  an  adduct  mass  ion 
[M+N03r  at  455  Da  (d) 


m/z 


to  spontaneous  decomposition  of  the  molecule.  However, 
intennediates  II  and  III,  as  described  above,  were  produced 
in  small  amounts  and  did  not  persist  in  the  aqueous  medium; 
hence,  their  fates  were  not  detennined. 


Taken  together,  the  above  data  suggested  that  the  enzyme 
degraded  CL-20  via  three  different  routes  (Fig.  1 ):  Route  A, 
via  two  single  electron  transfers  necessary  to  release  two 
nitro-groups  from  CL-20  to  produce  two  double-denitrated 
isomers,  IV  and  V;  Route  B ,  via  a  hydride  transfer  necessary 
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Table  2  Properties  of  CL-20  and  the  intermediates  detected  and  identified  by  LC/MS  (ES  )  during  biotransformation  of  CL-20  catalyzed  by 
dehydrogenase  from  Clostridium  sp.  EDB2 


CL-20  and  intennediates3 

Retention 
time  (min) 

[M-H]~  (Da)b 

Nitrogen  atoms  from 
labeled  ring  [15N]CL-20 

Nitrogen  atoms  from  labeled 
nitro-groups  [15NO2]CL-20 

Proposed 
empirical  fonnula 

(CL-20)  I 

17.90 

437 

6 

6 

c6h6n12o12 

II 

17.60 

421 

6 

6 

c6h6n12ou 

III 

15.25 

392 

6 

5 

c6h7n„o10 

IVC 

8.65 

345 

6 

4 

c6h6n10o8 

vc 

8.10 

345 

6 

4 

c6h6n10o8 

“Tentative  structures  of  these  intermediates  are  shown  in  Fig.  1 
bDeprotonated  molecular  mass  ions  are  shown  in  Fig.  4 
Tsomeric  intermediates  differ  in  their  retention  time 


Table  3  Radioactivity  distribution  among  [14C]CL-20  and  its  deg¬ 
radation  products  recovered  after  15-  and  45 -min  incubation  with 
dehydrogenase  enzyme  from  strain  EDB2 


CL-20  and  products 

Percent  of 

counts 

15  min 

14C  radioactivity 

45  min 

(1)  Residual  CL-20  (I) 

58.2 

28.4 

(2)  Intennediate  IId 

<1.0 

Trace  amount 

(3)  Intennediate  IIP1 

3.3 

<1.0 

(4)  Intennediates  (IV  and  V)a 

7.0 

10.1 

(5)  Other  polar  products13 

33.0 

63.2 

(6)  Total  recovery  of  radioactivity 

101.5 

101.7 

“These  metabolites  are  shown  in  Figs.  1  and  4a 
bPolar  products  contained  glyoxal,  formate,  and  unidentified 
product(s) 


to  produce  a  denitrohydrogenated  product,  III;  and  Route  C, 
via  transfer  of  two  redox  equivalents  necessary  to  produce  a 
mono-nitroso  derivative  (II)  of  CL-20. 

In  conclusion,  we  demonstrated  for  the  first  time  that  a 
dehydrogenase  class  of  enzyme  from  anaerobic  bacterial 
strain  EDB2  biotransfonned  CL-20  via  three  different  path¬ 
ways  which  were  previously  not  known  in  biological  sys¬ 
tems.  The  present  data  suggested  that  route  A  may  be  a 
major  pathway  in  CL-20  biodegradation  followed  by  routes 
B  and  C  (Table  3  and  Fig.  1).  The  present  study  has  further 
strengthened  our  previous  findings  (Balakrishnan  et  al. 
2004;  Bhushan  et  al.  2003, 2004a, b;  Hawari  et  al.  2004)  that 
an  initial  reaction(s)  either  via  denitration,  denitrohydro- 
genation,  and/or  nitrosation  is  necessary  and  sufficient  to 
destabilize  CL-20  molecule  leading  to  its  ring  opening  and 
decomposition.  The  data  presented  here  improved  our  basic 


Fig.  5  a  Abiotic  decomposition 
of  metabolite  IV  in  deionized 
water  at  10°C.  b  Proposed 
decomposition  pathway  of 
metabolite  IV 
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understanding  of  microbial/enzyme-mediated  degradation 
of  CL-20  and  revealed  the  possible  fate  of  this  energetic 
chemical  in  the  enviromnent. 
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Environmental  Context.  Nitramine  explosives,  including  RDX,  HMX,  and  the  more  newly  developed 
CL-20,  are  the  source  of  groundwater  contamination  (‘pinkwater’)  especially  around  military  installations. 
These  materials  all  possess  an  abundance  ofnitro  (NO2)  groups,  which,  like  synthetic  organohalogens,  ren¬ 
der  them  resistant  to  biodegradation  and  thereby  allows  them  to  persist  in  the  soil  and  waters.  In  this  study 
it  was  shown  that  these  substances  can  be  indirectly  oxidized  at  a  boron-doped  diamond  electrode  to  small 
molecules  (carboxylic  acids  and  mineralized  nitrogen-containing  compounds). 


Abstract.  Electrochemical  oxidation  at  boron-doped  diamond  (BDD)  electrodes  was  examined  as  a  possible 
technique  for  the  remediation  of  water  contaminated  with  nitramine  explosives.  The  advantage  of  BDD  is  that 
it  promotes  indirect  oxidation  by  electrogenerated  active  intermediates,  such  as  hydroxyl  radicals.  For  the  three 
explosives  RDX,  HMX,  and  CL-20,  degradation  in  both  acetonitrile/water  mixtures  and  in  water  alone  was  suggested 
to  involve  an  initial  denitration,  followed  by  spontaneous  decomposition  of  the  molecules,  the  net  result  being  the 
complete  transformation  of  the  nitramines  to  small  molecules.  Although  the  rate  of  degradation  increased  with 
current  density,  the  current  efficiency  was  highest  at  low  current  densities. 

Keywords,  electrochemistry  —  electrodes  (boron-doped  diamond)  —  explosives  —  water  treatment 
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Introduction 

Hexahydro-l,3,5-trinitro-l,3,5-triazine  and  octahydro-1,3,5, 
7-tetranitro-l,3,5,7-tetrazocine  (RDX  and  HMX,  Fig.  1)  are 
widely  used  commercial  and  military  explosives.! 1 1  Their  pro¬ 
duction,  usage,  and  toxicity12-51  have  resulted  in  both  soil 
and  groundwater  contamination,16,71  leading  to  a  need  for 
remediation  of  both  process  wastewater  and  contaminated 
groundwater.  Methods  proposed  include  alkaline  hydrolysis 
of  RDX  and  HMX, 18,91  Fenton  oxidation  (IDCU/Fe23  ),1101 
enhanced  Fenton  oxidation  through  pretreatment  with  zero- 
valent  iron,1111  and  transformation  by  iron(n)  bound  to 
magnetite.1121  RDX  and  HMX  have  also  been  found  to 
decompose  photochemically,113  171  biologically,118  241  and, 
in  the  case  of  RDX,  electrochemically,  both  oxidatively  and 
reductively. 125-271 

CL-20  (2, 4, 6, 8, 1 0, 1 2-hexanitro-2,4,6,8, 1 0, 1 2-hexaazaiso- 
wurtzitane,  Fig.  1)  is  a  more  recently  developed  polycyclic 
nitramine  explosive  with  superior  explosive  properties  to 
RDX  and  HMX.128,291  Relatively  little  is  yet  known  about 
its  environmental  behaviour  and  fate.  Under  strongly  alkaline 
conditions,  CL-20  spontaneously  decomposes  to  formic  acid, 
nitrous  oxide,  and  ammonium  ion. 191  Similar  products,  formic 
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acid,  nitrous  oxide,  and  nitrite,  were  observed  when  CL-20 
was  degraded  by  the  denitrifying  Pseudomonas  sp.  strain 
FA1. 150,311  This  process  involved  catalysis  by  the  enzyme 
salicylate  1-monooxgenase;  it  involves  CL-20  as  an  elec¬ 
tron  acceptor  that  competes  with  O2  at  the  flavin  site  of  the 
enzyme.  In  both  cases,  the  degradation  proceeded  via  ini¬ 
tial  denitration,  with  the  release  of  nitrite  ion,  followed  by 
spontaneous  ring  cleavage. 
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Electrochemical  oxidation  of  recalcitrant  wastes  offers 
an  inherently  clean  technology  because  oxidation  involves 
removal  of  electrons  rather  than  addition  of  chemical 
oxidants. 132~341  Moreover,  electrons  are  less  costly  than 
chemical  reagents.1351  Advances  in  oxidative  electrochem¬ 
istry  include  the  development  of  corrosion-resistant  anodes 
including  ‘dimensionally  stable  anodes’  (DSAs)  such  as 
Ti/Ir02  and  Ti/SnC>2,  that  consist  of  a  micron-thickness 
layer  of  oxide  deposited  on  the  base  metal,  and  the  newly 
developed  material  boron-doped  diamond  (BDD),  which 
offers  an  exceptionally  wide  potential  window.1361  BDD  pro¬ 
motes  indirect  oxidation  by  electrogenerated  active  interme¬ 
diates,  such  as  hydroxyl  radicals.1 1371  Diamond  electrodes  are 
also  very  stable  mechanically1361  and  are  resistant  to  chemi¬ 
cal  change  during  electrolysis;1381  this  is  why  BDD  is  being 
recognized  as  a  promising  material  for  the  electrochemical 
oxidation  of  organics  for  wastewater  treatment.132,34,37  401  In 
the  present  study,  we  used  BDD  electrodes  to  investigate  the 
oxidative  electrochemistry  of  RDX,  HMX,  and  CL-20,  in  the 
context  of  the  remediation  of  nitramine-contaminated  water. 

Experimental 

Chemicals 

RDX  (purity  >98%  by  HPLC)  was  synthesized  following  a  procedure 
derived  from  Hale.1411  Its  identity  was  confirmed  by  chromatographic 
comparison  to  an  analytical  standard  (>98%  pure)  from  Chem  Ser¬ 
vice  Inc.  (mp  205.5°C  and  mmp  208°C).  Commercial  grade  RDX 
(purity  >99%)  was  provided  by  Defense  Research  and  Development 
Canada  (DRDC;  Valcartier,  PQ),  as  were  ring-labelled  [13N]-RDX 
(purity  >98%)  and  HMX  (purity  >99%).  CL-20  (99.3%  purity')  and 
[l5N]-CL-20  were  provided  by  ATKThiokol  (Brigham  City,  UT).  Under 
normal  laboratory  illumination,  non-degassed  solutions  of  RDX  and 
HMX  in  acetonitrile  (ACNyiDO  (50/50  v/v)  were  stable  over  time, 
but  those  of  CL-20  had  to  be  freshly  prepared  before  each  experiment. 
Methylenedinitramine  (MDNA)  was  obtained  from  the  Rare  Chemical 
Library  of  Aldrich,  Canada.  4-Nitro-2,4-diazabutanal  (4-NDAB)  was 
synthesized  by  Dr  Jeffrey  Botaro  and  Dr  Ron  Spanggord  (SRI,  Menlo 
Park,  CA).  All  other  chemicals  used  in  this  work  wen:  reagent  grade. 

Analysis 

Disappearance  of  RDX,  HMX,  and  CL-20  was  monitored  using 
an  HPLC  system  comprising  pump  (Waters  model  600,  flow  rale 
1.0  mLmin-1),  injector  (Rheodyne,  20 pL  sample  loop),  and  tunable 
absorbance  detector  (Waters  model  486,  operated  at  240  nm).  The  data 
were  processed  using  Millennium  ver.  3.2  software  (Waters).  Separa¬ 
tions  involving  RDX,  HMX,  and  CL-20  were  achieved  on  a  stainless 
steel  column  (Genesis  Cl 8,  250  mm  x  4.6  mm).  The  mobile  phase  was 
ACN/H2O  (65/35  v/v)  at  a  flow  rate  of  1  mL  min  1  and  23°C.  Under 
these  conditions,  retention  times  for  the  starting  materials  were  RDX 
4.3  ±0.1  min,  HMX  4.0  ±0.1  min,  and  CL-20  6.5  ±0.1  min.  Triplicate 
electrolyses  were  performed  for  each  condition  studied;  the  repro¬ 
ducibility  in  any  run  at  each  time  point  was  within  ±2%;  apparent 
first-order  rate  constants  are  reported  ±1  a.  Analyses  for  RDX,  HMX, 
and  CL-20  were  also  performed  using  reversed-phase  HPLC  connected 
to  a  photodiode  array  (PDA)  detector,  as  described  previously!23,30,3'1 

Formic  acid  was  measured  using  an  HPLC  system  comprising 
pump  (Waters  model  600  and  model  717),  autosampler,  conductivity 
detector  (Waters  model  4300),  and  column  (Dionex  Ion  Pac  AS15, 
250  mm  x  2  mm).  The  mobile  phase  was  30  mM  KOH  with  a  flow  rate 
of  0.4  mL  min" 1  at  40°C.  The  detection  of  formic  acid  was  enhanced 
by  reducing  the  background  with  an  autosuppressor  (Alltech  model 
DS-Plus). 

Nitrite  and  nitrate  ions  were  monitored  using  an  HPLC  system 
comprising  pump  (Spectra  Physics  model  SP8800/8880),  conductivity 


detector  (Waters  model  431),  and  ion  chromatography  column  (Hamil¬ 
ton  PRP-X100,  250mm  x  4.1  mm).  The  mobile  phase  was  2.5% 
methanol  in  4mM  /?-hydroxybenzoic  acid  solution  adjusted  to  pH 

8.5  with  NaOH.  Analyses  were  carried  out.  at  40°C  at  a  flow  rate  of 
2  mL  min” 1 . 

Ammonium  was  analyzed  using  an  HPLC  system  (Waters  8100 
system),  conductivity  detector  (Waters  model  431),  and  analytical 
cation  exchange  column  (Hamilton  PRP-X2009,  250  mm  x  4.6  mm) 
as  described  earlier!191  The  search  for  gaseous  products  NjO,  H2,  O2, 
N2,  and  CH4  was  carried  out.  as  described  previously!191 

Ring-cleavage  products  of  RDX,  MDNA,  and  4-NDAB,  were  ana¬ 
lyzed  using  an  HPLC  system  equipped  with  a  diode  array  detector,  as 
specified  in  ref.  [9].  Glyoxal,  a  product  of  CL-20,  was  analyzed  after 
derivatizalion1421  with  20  pL  of  a  15  mgmL”1  solution  of  0-2, 3, 4,5,6- 
pcntafhiorobenzylhydroxylamine  hydrochloride  (PFBIIA),  which  was 
added  to  a  mixture  of  aqueous  sample  (0.5  mL)  and  acetonitrile  (0.5  mL), 
adjusted  to  pH  3  with  5%  HC1.  The  reaction  mixture  was  stirred  in  the 
dark  for  2  li  at  room  temperature  then  analyzed  by  LC/UV-MS  (Plat¬ 
form  LC,  Micromass)  at  a  wavelength  of  250  inn,  and  using  positive 
electrospray  (ES+)  ionization  mode.  Separation  was  performed  on  a 
Supelcosil  C8  column  (250  nun  x  4.6  mm)  at  35°C  using  an  ACN/H2O 
gradient  at  a  flow  rate  of  1  mLmin-1  (from  60%  to  90%  ACN  over 
10  min,  from  90%  to  60%  over  2  min,  and  at  60%  for  6  min). 

Total  organic  carbon  (TOC)  and  total  nitrogen  (TN)  measurements 
were  performed  using  aTOC-VpsN  (Shimadzu)  analyzer. 

Voltammetry 

The  potentiostat  (F.G&G  model  273A)  was  fitted  with  a  conventional 
three-electrode  glass  cell.  Data  were  processed  with  Electrochem- 
istry  Power  Suite  ver.  2.12.1  software  (Princeton  Applied  Research). 
The  working  electrode  was  a  3-mm  diameter  boron-doped  diamond 
(BDD)  electrode  (Windsor  Scientific),  the  counter  electrode  was  a  Pt 
wire,  and  the  reference  electrode  was  a  Pt  foil  (2.5  x  2.5  cm).  The 
solvent  was  ACN/H2O  (50/50  v/v),  using  0.1  M  KC1  as  supporting 
electrolyte.  Potassium  ferricyanide  (5  mM)  was  also  present  as  a  refer¬ 
ence;  the  ferri/ferrocyanide  couple  is  a  standard  redox  system  to  provide 
benchmark  data  for  diamond  electrodes!361 

Electrolysis 

Electrolyses  were  carried  out  under  galvanostatic  conditions  using  a 
potentiostat/galvanostat  (model  363,  Princeton  Applied  Research).  The 
plug  flow  reactor  was  a  flow-through,  sandwich  type  Teflon  cell  con¬ 
structed  in-house  with  two  inner  comparnnents  of  58  mm  x  15  mm  x 

4.5  mm  each;  these  were  divided  for  some  experiments  by  a  cation- 
exchange  membrane  (Nafion  424,  DuPont).  Teflon  tubing  was  used  for 
all  connections.  Solutions  were  delivered  using  a  peristaltic  pump  (C/L, 
Masterflex)  at  a  flow  rate  of  2  mLmin-1 . 

The  working  electrode  was  a  rectangular  (50  mm  x  1 5  nun  x  1  mm) 
plaque  of  BDD  on  polySi  (CSEM,  Neuchatel)  with  a  TL'Au  back¬ 
side  which  was  connected  to  a  platinum  feeder.  Trials  were  also 
made  using  a  Ti/IrOi  DSA  (Eltech)  as  working  electrode.  In  all 
the  experiments,  the  counter  electrode  was  a  piece  of  stainless  steel 
(50  mm  x  1 5  mm  x  1  mm)  with  a  silver  feeder.  Solutions  of  RDX, 
HMX,  or  CL-20  (2,0  mM)  were  electrooxidized  in  ACN/H^O  (50/50 
v/v)  at  pH  6.0,  with  10  mM  NaaSCU  as  supporting  electrolyte.  For 
the  divided  cell  experiments,  the  anolyte  was  as  just  described  while 
the  catholyte  comprised  ACN/HiO  (50/50  v/v)  with  10mM  Na2SC>4. 
In  order  to  mimic  contaminated-water  scenarios,  other  experiments 
employed  folly  aqueous  solutions  of  0.24  mM  (54.0  mg  L-1)  RDX, 
0.017  mM  (4.9 mg L”1)  HMX,  or  0.0084 mM  (3.7mgL"\)  CL-20 
(solubility  reported  in  ref.  [43]). 

In  most  experiments  the  reactor  was  operated  in  recirculation  mode, 
with  tile  solution  exiting  the  electrolytic  cell  returned  to  the  storage 
reservoir.  In  the  experiments  using  a  divided  cell,  the  catholyte  was  not 
recirculated.  Samples  were  taken  at  time  intervals  (30  min)  equivalent 
to  integral  numbers  of  passes  through  the  cell,  based  oil  the  flow  rate 
(2  mLmin-1)  and  the  volume  in  the  reservoir  (60 mL).  Other  experi¬ 
ments  were  designed  to  replicate  a  cascade  of  reactors.  A  given  volume  of 
solution  was  passed  through  the  reactor,  collected,  and  then  reintroduced 
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into  the  reactor,  after  removing  a  sample  for  analysis.  The  volume  of 
solution  was  corrected  for  the  aliquot(s)  withdrawn. 

Results  and  Discussion 

Voltammetry 

Cyclic  voltammograms  of  2.0  mM  solutions  of  RDX,  HMX, 
and  CL-20  at  a  BDD  working  electrode  were  recorded  from 
0  to  —2.3  to  0V  at  a  scan  rate  of  50m Vs  1  in  deaer¬ 
ated  ACN/H2O  (50/50  v/v)  containing  0. 1  M  KC1  and  5  mM 
K.3Fe(CN)6.  During  the  negative  sweep,  ferricyanide  gave 
a  reduction  peak  at  —0.41V,  with  reoxidation  of  ferro- 
cyanide  at  —0.15  V  RDX,  HMX,  and  CL-20  showed  irre¬ 
versible  reduction  peaks  at  — 1.55,  — 1.61 ,  and  —  1 .63  V  versus 
Pt/Pt02,  respectively.  By  comparison  with  the  currents  of 
the  ferri/ferrocyanide  couple,  the  reductions  of  RDX,  HMX, 
and  CL-20  all  involved  4  ±  0.4  electron  transfers.  By  anal¬ 
ogy  with  our  previous  work/271  we  conclude  that  for  all 
three  nitramine  explosives,  the  four-electron  change  repre¬ 
sents  reduction  of  a  single  AT-nitro  group  to  the  corresponding 
iV-hydroxylaminc.  Cyclic  voltammetry  of  RDX,  HMX,  and 
CL-20  in  the  oxidative  direction  from  0  to  +2.4  to  0  V  gave 
no  indication  of  direct  oxidation,  indicating  that  electrolytic 
oxidation  of  the  nitramine  explosives  must  occur  indirectly, 
involving  oxidation  products  from  water  such  as  hydroxyl 
radicals. I37^10)  Consistent  with  this  view,  RDX  could  also 
be  degraded  by  hydroxyl  radicals  generated  from  Fenton 
chemistry. 

Electrolyses  ” 

A  solution  of  2.0  mM  RDX  in  ACN/H2O  (50/50  v/v)  was  elec¬ 
trolyzed  in  a  divided  cell  at  a  current  density  of  53  mAcm-2 
and  a  flow  rate  of  1  mLmin-1.  At  a  BDD  anode,  95%  of 
the  RDX  had  degraded  after  180  min;  in  a  divided  cell,  this 
shows  that  the  course  of  the  reaction  must  be  oxidative.  Essen¬ 
tially  no  degradation  was  observed  atTi/Ir02  during  this  time 
(Fig.  2).  We  attribute  the  difference  in  behaviour  between 
Ti/Ir02  and  BDD  to  their  different  mechanisms  of  action.  At 
Ti/IrCL,  the  substrate  is  oxidized  at  the  electrode  itself  where 
a  transient  ‘higher  oxide’  is  formed  on  the  IrC>2  surface.  BDD 
functions  chiefly  to  produce  reactive  oxidation  products  from 
water,  such  as  hydroxyl  radicals;  these  have  been  detected  by 
‘spin  trapping’  with  a  nitrone  spin  trap.!441 

Removal  of  the  membrane  and  adjustment  of  the  flow 
rate  to  2 mLmin-1,  to  give  similar  hydraulic  conditions  and 
an  equal  detention  time  in  the  cell,  led  to  slightly  faster 
degradation  of  RDX  (^midiv  =0.021  ±0.001  min-1  versus 
k{\iv  =0.017  ±0.001  min-1).  The  similarity  of  these  rate  con¬ 
stants  suggests  that  the  mechanism  of  degradation  must  again 
be  principally  oxidative,  with  faster  degradation  in  the  undi¬ 
vided  cell  due  to  competing  reduction  of  RDX  at  the  stainless 
steel  cathode.  Because  any  hydroxylamine  formed  by  reduc¬ 
tion  would  itself  be  highly  susceptible  to  attack  by  hydroxyl 
radicals,  the  combination  of  oxidation  at  BDD  and  reduction 
at  stainless  steel  acted  synergistically. 

RDX,  HMX,  and  CL-20  degraded  readily  in  the  undi¬ 
vided  cell  under  all  the  electrolysis  conditions  investi¬ 
gated.  At  a  current  density  of  53  mA  cm-2  and  flow  rate 


Fig.  2.  Electrochemical  oxidation  of  a  solution  of  2.0  mM  RDX  in 
ACN/H2O  (50/50  v/v)  at  a  current  density  of  53  mA  cm-2 .  Natural  log¬ 
arithm  of  the  ratio  of  the  concentration  to  the  initial  concentration  versus 
time  using  a  Ti/Ir02  anode  in  a  divided  cell  (*),  a  BDD  anode  in  a  divided 
cell  (■),  and  a  BDD  anode  in  an  undivided  cell  (A). 


Table  1.  Amounts  of  starting  material,  total  nitrogen  (TN),  and 
total  organic  carbon  (TOC)  after  each  pass  through  the  reactor 

Conditions:  current  density  53  mAcm-2,  flow  rate  of  2  mLmin-1 


Pass 

number 

Recirculation 
experiments  [%]A 

Multiple  reactor 
experiments  [%]a 

RDX 

HMX 

CL-20 

RDX 

TN 

TOC 

0 

100 

100 

100 

100 

100 

100 

1 

56 

53 

49 

52 

95 

84 

2 

30 

28 

23 

28 

95 

75 

3 

16 

13 

10 

17 

95 

62 

4 

9 

7 

5 

9 

95 

58 

5 

4 

4 

2 

- 

- 

- 

6 

2 

2 

1 

- 

A  2.0  mM  nitramine  in  50/50  v/v  ACN/H20. 
B  54  mg  L-1  RDX  in  100%  H2Q. 


2 mLmin-1,  solutions  of  RDX,  HMX,  and  CL-20  (each 
60 mL  of  2.0  mM  in  ACN/H2O  (50/50  v/v))  electrolyzed 
at  similar  rates — apparent  first-order  rate  constants  were 
^rdx  =  0.021  ±  0.001  min  1 ,  &hmx  =  0.022  ±  0.0004  min  ', 
and  Acl-20  =  0.026  ±  0.001  min- 1 .  Again,  this  suggests  sim¬ 
ilar  chemistry  for  all  three  nitramines.  After  six  passes 
through  the  reactor  under  recirculation  conditions,  greater 
than  98%  of  all  three  starting  materials  had  disappeared 
(Table  1);  further  electrolysis  yielded  undetectable  concentra¬ 
tions  of  the  starting  materials  (data  not  shown).  Experiments 
at  lower  ( 1  mM)  and  higher  (4  mM)  initial  RDX  concentra¬ 
tions  showed  the  rate  of  reaction  to  be  directly  proportional 
to  concentration,  that  is,  the  apparent  first-order  rate  constant 
for  degradation  was  independent  of  substrate  concentra¬ 
tion  (Fig.  3).  This  is  consistent  with  a  bimolecular  reaction 
between  substrate  and  hydroxyl  radicals  in  the  bulk  solution. 

The  rate  of  oxidative  degradation  of  the  model  com¬ 
pound  RDX  (2.0  mM)  in  ACN/H20  (50/50  v/v),  using 
a  BDD  electrode  and  a  flow  rate  of  2 mLmin-1, 
increased  with  current  density  but  not  linearly — at  40, 
53,  and  80 mAcm-2,  k  —  0.018  ±0.001,  0.021  ±0.001,  and 
0.026  ±  0.0004  min- 1 .  This  is  also  consistent  with  the 
hydroxyl  radical  mechanism:  a  higher  current  favours  faster 
water  oxidation,  but  the  higher  rate  of  formation  of  reac¬ 
tive  species  such  as  hydroxyl  radicals  is  offset  by  their  faster 
bimolecular  oxidation  to  molecular  02. 

Rate  constants  for  the  degradation  of  2.0 mM  RDX  in 
ACN/H2O  (50/50  v/v)  at  a  BDD  anode  and  current  density 
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Fig.  3.  Electrochemical  oxidation  of  solutions  of  RDX  in  ACN/H2O 
(50/50  v/v)  at  a  current  density  of  53  mA  cm-2  and  a  flow  rate  of 
2  mLmin”1 .  Natural  logarithm  of  the  ratio  of  the  concentration  to  the 
initial  concentration  versus  time  for  an  initial  concentration  of  1  mM 
RDX  (■),  2  mM  RDX  (A),  and  4  mM  RDX  (*). 

53  mAcm“2  were  studied  as  a  function  of  flow  rate — at  1, 
2,  and  3  mLmin”1,  k  =  0.015  ±  0.0004,  0.021  ±0.001,  and 
0.026  ±  0.0001  min-1 .  This  counterintuitive  increase  in  the 
observed  rate  constant  arises  because  the  experiments  were 
performed  in  recirculation  mode.  A  faster  flow  rate  means 
that  in  each  pass,  the  concentration  of  substrate  is  depleted 
less  but  more  moles  of  substrate  are  oxidized  per  unit  time 
due  to  recirculation.  In  parallel  single-pass  experiments,  the 
degradation  rate,  based  on  concentration,  fell  with  increasing 
flow  rate  because  the  residence  time  of  the  substrate  in  the 
cell  was  shorter. 

Experiments  in  recirculation  mode  at  a  current  density  of 
53mA cm  2  and  a  flow  rate  of  2 mLmin” 1  on  solutions  of 
RDX,  HMX,  and  CL-20  (each  60  mL  of  2 .0  mM  in  ACN/H2O 
(50/50  v/v))  showed  that  30%,  28%,  and  23%  respectively 
of  the  original  material  remained  unreacted  after  two  passes 
(60  min,  Table  1).  In  previous  work  with  RDX  under  reduc¬ 
tive  conditions,*27*  we  detected  MDNA  and  4-NDAB  as 
intermediates.  These  were  not  found  in  the  present  study, 
where  smaller  molecules,  such  as  formic  acid,  accounted 
for  only  7%  of  the  carbon  mass  from  RDX.  A  similar  sit¬ 
uation  was  observed  for  CL-20,  where  0.54  mol  of  formic 
acid  was  formed  per  mol  of  CL-20  degraded,  and  glyoxal 
OHC-CHO,  a  product  specific  to  CL-20,  was  detected  in  trace 
amounts.  Finally,  from  HMX,  no  carbon-containing  products 
were  detected  at  significant  concentration. 

With  respect  to  nitrogenous  products,  RDX  and  HMX 
behaved  similarly,  each  affording  one  mole  of  NH|  and  one 
mole  of  {NOJ  +  N02 }  per  mole  of  nitramine  consumed. 
CL-20  behaved  differently,  yielding  five  moles  of  {NOj  + 
NOJ }  and  one-half  mole  of  NHj  for  each  mole  degraded. 
Nitrate  ion  was  always  in  considerable  excess  over  nitrite— 
from  RDX  and  CL-20,  the  ratio  N03“ :  N02  was  ~9 : 1  and 
from  HMX  only  NO)~  was  detected.  The  stoichiometry  sug¬ 
gests  that  nitrate  ion  is  formed  by  attack  of  OH’  at  a  nitro 
group  of  the  nitramine,  initially  forming  HNO3  and  an  amino 
radical,  consistent  with  the  well  known  propensity  of  OH 
radicals  to  add  faster  to  unsaturated  centres  than  to  abstract 
hydrogen  from  C— H  groups,  Eqn  ( 1  ):*45* 

>N-N02  +  OH’  -»  >N‘  +  HNO3  (1) 

In  the  undivided  cell,  some  of  the  nitrate  ion  can  be  reduced  to 
N02  ,1461  and  subsequently  to  N20,  which  was  also  detected 


in  trace  amounts.  The  stoichiometry  suggests  that  while  the 
nitro  groups  are  converted  principally  to  nitrate,  the  ring  nitro¬ 
gen  atoms  are  ultimately  released  in  equivalent  molar  yield  as 
ammonia,  at  least  from  RDX  and  HMX.  The  more  complex 
structure  of  CL-20  makes  ammonia  extrusion  less  facile. 

Further  work  was  carried  out  on  solutions  of  RDX 
(54.0  mg  L”1)  in  100%  H20  at  a  current  density  of 
53  mA cm”2  and  a  flow  rate  of  2 mLmin”1  (Table  1).  Con¬ 
sistent  with  the  results  in  ACN/HyO.  28%  of  the  RDX  was 
still  present  after  two  passes,  while  9%  was  left  after  four 
passes.  There  was  excellent  agreement  between  the  rates  of 
degradation  in  ACN/H2O  (50/50  v/v)  and  pure  water  for  all 
three  nitramine  explosives.  TN  and  TOC  analyses  were  per¬ 
formed  with  electrolyzed  solutions  of  RDX,  but  not  with 
HMX  and  CL-20  due  to  their  low  solubility  (<5mgL”'). 
TN  analysis  showed  that  essentially  none  of  the  nitrogen  of 
RDX  was  lost  from  solution,  even  when  the  original  substrate 
had  been  almost  completely  mineralized,  consistent  with  con¬ 
version  into  simple  inorganic  ions.  TOC  analyses  indicated 
that  soluble  organic  species  persisted  in  solution  longer  than 
the  starting  material  RDX.  After  two  passes,  28%  of  the  origi¬ 
nal  RDX  still  remained,  but  75%  of  the  carbon  mass  was  still 
present  in  solution;  after  four  passes,  with  only  9%  of  the 
RDX  remaining,  58%  of  the  carbon  mass  was  still  present 
(Table  1).  This  lag  time  between  the  degradation  of  the  RDX 
molecules  and  complete  mineralization  is  consistent  with 
the  presence  of  small-molecule,  non-UV-absorbing  species 
in  solution,  such  as  small  carboxylic  acids. 

Current  efficiencies  (CE)  were  calculated  assuming  a 
one  electron  transfer,  as  described  previously.*271  After  one 
pass  at  a  current  density  of  53  mA  cm”2  and  a  flow  rate 
of  2 mLmin”1,  the  concentration  of  RDX  in  water  had 
decreased  from  0.24  to  0. 12  mM  (apparent  CE  0. 1  %);  while 
for  a  current  density  of  1.3  mA  cm”2,  the  concentration 
decreased  from  0.24  to  0.21  mM  (apparent  CE  1%).  How¬ 
ever,  this  simple  calculation  ignores  the  influence  of  complete 
mineralization  on  the  current  efficiency. 

C3H6N606  +  9H20 

3C02  +  3N0^  +  3NH++12H+  +  12e”  (2) 

At  the  early  stages  of  reaction,  about  half  the  lost  RDX 
was  mineralized,  suggesting  overall  current  efficiencies  in 
the  range  0.6  -6%  for  the  range  of  current  studied  (400-10 
mA).  These  low  current  efficiencies  are  consistent  with  the 
hydroxyl  radical  mechanism,  in  that  a  significant  amount 
of  the  current  goes  unproductively  into  release  of  02.  The 
bimolecular  combination  of  water  oxidation  intermediates, 
such  as  hydroxyl  radicals,  is  inevitably  promoted  at  higher 
current.  From  the  practical  perspective,  there  is  a  tension 
between  raising  the  rate  of  reaction  by  increasing  the  cur¬ 
rent  and  increasing  the  current  efficiency,  which  requires  low 
currents. 

Conclusions 

This  study  confirms  that  indirect  oxidation  at  BDD  elec¬ 
trodes  can  be  successfully  employed  to  electrochemically 
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oxidize  nitramine-contaminated  water,  which  is  an  important 
environmental  issue  in  the  context  of  pollutant  plumes  from 
military  sites.  For  the  three  explosives  studied,  RDX,  HMX, 
and  CL-20,  degradation  was  found  to  occur  at  comparable 
rates.  TOC  andTN  analyses  showed  that  the  ultimate  fate  of 
the  substrate  is  oxidation  to  small  molecules  and  ions,  though 
this  process  lagged  behind  the  disappearance  of  substrate. 
The  rate  of  degradation  increased  with  current  density,  but 
the  current  efficiency  was  highest  at  low  current  densities. 
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Abstract — Hexanitrohexaazaisowurtzitane  (CL-20),  a  new  polycyclic  polynitramine,  has  the  same  functional  nitramine  groups  (N- 
NO,)  as  the  widely  used  energetic  chemicals  hexahydro-l,3,5-trinitro-l,3,5-triazacyclohexane  (royal  demolition  explosive  [RDX]) 
and  octahydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine  (high-melting  explosive  [HMX]).  Potential  impacts  of  CL-20  as  an  emerging 
contaminant  must  be  assessed  before  its  use.  The  effects  of  CL-20,  RDX,  or  HMX  on  adult  survival  and  juvenile  production  by 
potworms  Enchytraeus  albidus  and  Enchytraeus  crypticus  were  studied  in  three  soil  types,  including  Sassafras  sandy  loam  (1.2% 
organic  matter  [OM],  1 1%  clay,  pH  5.5),  an  agricultural  soil  (42%  OM,  1%  clay,  pH  8.2),  and  a  composite  agricultural-forest  soil 
(23%  OM,  2%  clay,  pH  7.9)  by  using  ISO  method  16387  (International  Standard  Organization,  Geneva,  Switzerland).  Results 
showed  that  CL-20  was  toxic  to  E.  crypticus  with  median  lethal  concentration  values  for  adult  survival  ranging  from  0.1  to  0.7 
mg/kg  dry  mass  (DM)  when  using  the  three  tested  soils.  In  addition,  CL-20  adversely  affected  juvenile  production  by  both  species 
in  all  soils  tested,  with  median  effective  concentration  (EC50)  values  ranging  from  0.08  to  0.62  mg/kg  DM.  Enchytraeus  crypticus 
and  E.  albidus  were  similarly  sensitive  to  CL-20  exposure  in  the  composite  agricultural-forest  soil,  which  supported  reproduction 
by  both  species  and  enabled  comparisons.  Correlation  analysis  showed  weak  or  no  relationship  overall  among  the  soil  properties 
and  reproduction  toxicity  endpoints.  Neither  RDX  nor  HMX  affected  (p  >  0.05)  adult  survival  of  either  species  below  658  and 
918  mg/kg  DM,  respectively,  indicating  that  CL-20  is  more  toxic  to  enchytraeids  than  RDX  or  HMX.  Examination  of  data  shows 
that  CL-20  should  be  considered  as  a  potential  reproductive  toxicant  to  soil  invertebrates,  and  that  safeguards  should  be  considered 
to  minimize  the  potential  for  release  of  CL-20  into  the  environment. 
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INTRODUCTION 

Soil  contamination  with  energetic  chemicals  is  commonly 
associated  with  military  operations  that  involve  munitions 
manufacturing,  disposal,  testing,  and  training.  Concentrations 
of  heterocyclic  nitramines  hexahydro-l,3,5-trinitro-l,3,5-tria- 
zacyclohexane  (royal  demolition  explosive  [RDX])  and  oc¬ 
tahydro- 1,3, 5, 7-tetranitro- 1,3, 5, 7-tetrazocine  (high-melting 
explosive  [HMX])  in  soil  have  been  reported  to  exceed  3,000 
mg/kg  in  military  training  impact  ranges  [1,2].  In  addition  to 
these  energetic  chemicals,  a  new  polycyclic  nitramine,  hexani¬ 
trohexaazaisowurtzitane  (2,4,6,8, 10, 12-hexanitro-2,4,6,8, 10, 12- 
hexaazaisowurtzitane)  or  CL-20,  is  being  considered  for  large- 
scale  production  as  an  alternative  to  RDX  and  HMX  [3,4], 
The  relative  toxicity  of  CL-20  (in  comparison  to  the  other 
nitramines)  is  not  known,  so  it  is  not  clear  whether  ecotoxi- 
cological  risk  management  action  must  be  taken  in  case  of 
accidental  release  in  the  environment. 

Limited  information  is  available  on  the  effects  of  CL-20 
on  soil  microorganisms,  terrestrial  plants,  and  aquatic  biota 
[5,6].  Recently,  Robidoux  et  al.  [6]  found  that  CL-20  signif¬ 
icantly  decreased  survival  of  adult  earthworms  ( Eisenia  an- 
drei)  at  90.7  mg/kg  and  production  of  juveniles  at  0.01  mg/ 
kg  (nominal  concentration),  but  no  published  information  is 
available  on  the  effects  of  CL-20  for  other  soil  invertebrates 


*  To  whom  correspondence  may  be  addressed 
(geoffrey.  sunahara  @  cnrc-nrc  .gc  .ca). 


including  enchytraeids.  More  information  is  necessary  to  as¬ 
sess  the  potential  ecotoxicological  effects  of  CL-20  in  the  ter¬ 
restrial  environment. 

The  development  of  ecotoxicological  benchmarks  for  en¬ 
ergetic  materials  (EMs)  in  soil  has  become  a  critical  need  in 
recent  years  [7-9]  (http://www.epa.gov/superfund/programs/ 
risk/ecorisk/ecossl.pdf).  Enchytraeid  worms  have  been  in¬ 
creasingly  used  in  ecotoxicological  studies  with  EMs  to  de¬ 
velop  such  benchmarks  for  use  in  ecological  risk  assessment 
of  contaminated  sites  associated  with  military  operations  that 
commonly  produce  elevated  levels  of  EMs  in  soil  [10-15], 
The  present  study  was  conducted  to  determine  the  toxicity  of 
the  nitramine  EMs  CL-20,  RDX,  and  HMX  in  freshly  amended 
soils,  to  the  two  enchytraeid  species  Enchytraeus  crypticus 
and  Enchytraeus  albidus.  Three  soil  types  were  selected  to 
determine  the  effects  of  contrasting  soil  properties  (pH,  organic 
matter  [OM],  and  clay  contents)  on  the  toxicity  of  the  three 
nitramines  to  enchytraeid  worms.  Similar  to  the  two  mono- 
cyclic  nitramines  RDX  and  HMX,  CL-20  contains  the  char¬ 
acteristic  N-N02  functional  groups  (Fig.  1)  but  has  a  strained 
cage  polycyclic  nitramine  structure  with  higher  energy  and 
lower  aqueous  solubility  [16].  To  determine  the  relative  tox¬ 
icides  of  these  nitramines  on  enchytraeids,  we  designed  our 
studies  to  test  the  null  hypothesis  that  the  effects  of  CL-20, 
RDX,  or  HMX  are  similar,  because  of  apparent  similarity  in 
their  molecular  structures.  Alternatively,  any  ecotoxicological 
differences  among  the  three  nitramines  could  be  established 
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RDX  HMX  CL-20  (HNIW) 

Fig.  1.  Chemical  structures  of  the  three  cyclic  nitramines  used  in  this  study:  hexahydro-l,3,5-trinitro-l,3,5-triazacyclohexane  (RDX),  octahydro- 
l,3,5,7-tetranitro-l,3,5,7-tetrazocine  (HMX),  and  hexanitrohexaazaisowurtzitane  (CL-20). 


by  assessing  toxicities  of  RDX  or  HMX  for  the  same  enchy- 
traeid  species  in  parallel  with  the  CL-20  studies.  This  approach 
enables  direct  comparisons  of  ecotoxicological  data  deter¬ 
mined  under  similar  experimental  conditions  and  addresses  the 
following  objectives:  to  assess  the  toxicity  of  CL-20  in  soil 
to  enchytraeid  worms  and  develop  toxicological  benchmarks 
that  can  be  used  for  ecological  risk  assessment  at  contaminated 
sites;  to  compare  the  toxicity  of  CL-20  with  that  of  currently 
used  cyclic  nitramines  RDX  and  HMX;  and  to  determine  the 
effect  of  soil  type  as  the  exposure  substrate  on  the  polynitra- 
mine  toxicity  to  enchytraeids. 

MATERIALS  AND  METHODS 

Chemicals  and  reagents 

We  obtained  CL-20  (CAS  135285-90-4)  from  ATK  Thiokol 
Propulsion  (Brigham  City,  UT,  USA)  and  RDX  (CAS  121-82- 
4)  and  HMX  (CAS  269 1  -41-0)  from  Produits  Chimiques  Expro 
(Valleyfield,  QC,  Canada).  All  EMs  used  were  >99%  pure. 
All  other  chemicals,  including  carbendazim  (methyl  benzim- 
idazol-2-yl  carbamate;  CAS  10605-21-7;  >97%  pure),  were 
American  Chemical  Society  (ACS)  reagent  grade  or  higher 
and  were  obtained  from  either  BDH  (Toronto,  ON,  Canada) 
or  Aldrich  Chemical  (Milwaukee,  WI,  USA).  Deionized  water 
(American  Society  for  Testing  and  Materials  Type  I)  was  ob¬ 
tained  by  using  a  Millipore®  Super-Q  water  purification  system 
(Nepean,  ON,  Canada)  and  was  used  throughout  this  study. 
All  glassware  was  washed  with  phosphate-free  detergent, 
rinsed  with  acetone,  and  acid-washed  before  a  final  and  thor¬ 
ough  rinse  with  deionized  water. 

Preparation  of  test  soils 

The  soils  used  for  this  study  were  Sassafras  sandy  loam 
(designated  SSL;  fine-loamy,  siliceous,  mesic  Typic  Haplu- 
dult),  an  agricultural  soil  (designated  RacAg2002;  fine-sandy, 
composite),  and  a  50:50  mixture  of  forest  and  agricultural  soils 
(designated  Rac50-50;  fine-sandy,  composite).  Sassafras  sandy 
loam  soil  was  selected  because  it  has  physical  and  chemical 
properties  supporting  relatively  high  bioavailability  of  EMs 
[9]  (www.epa.gov/superfund/programs/risk/ecorisk/ecossl. 
htm),  including  low  OM  and  clay  contents,  which  is  necessary 
for  developing  ecotoxicological  values  protective  of  soil  biota. 
The  RacAg2002  and  Rac50-50  soils  with  high  OM  contents 
were  selected  to  maximize  the  reproduction  potential  for  E. 
albidus ,  which  favors  organic  soils.  Furthermore,  we  expected 
that  greater  microbial  activity,  which  is  usually  associated  with 


greater  soil  OM  content,  would  facilitate  more  rapid  biotic 
degradation  and  transformation  of  CL-20  in  these  soils  com¬ 
pared  with  SSL  soil,  thus  providing  additional  information  for 
data  interpretation.  The  RacAg2002  and  Rac50-50  soils  also 
are  representative  of  several  northern  forest  ecosystems  and 
may  become  relevant  for  future  risk  assessment  needs.  The 
SSL  soil  was  collected  from  uncontaminated  open  grassland 
on  the  property  of  Aberdeen  Proving  Ground  (Maryland, 
USA).  Vegetation  and  the  organic  horizon  were  removed  to 
just  below  the  root  zone  and  the  top  15  cm  of  the  A-horizon 
was  collected.  The  RacAg2002  and  Rac50-50  soils  were  ob¬ 
tained  from  a  local  supplier  (Transport  Maurice  Racicot  &  Fils, 
Boucherville,  QC,  Canada).  All  soil  samples  were  sieved 
through  a  5-mm  mesh  screen,  air  dried  for  at  least  72  h,  and 
mixed  periodically  to  ensure  uniform  drying.  The  soil  was 
then  passed  through  a  2-mm  sieve,  and  was  stored  at  room 
temperature  before  use.  The  pH  of  the  soils  was  measured 
before  each  test,  by  using  the  CaCl2  method  [17],  The  soil 
moisture  content  and  water-holding  capacity  were  measured 
according  to  the  enchytraeid  reproduction  test  guidelines  [18], 
Selected  soil  properties  are  summarized  in  Table  1. 

Individual  400-g  batches  of  air-dried  soils  were  amended 
with  CL-20,  RDX,  or  HMX  in  acetone  to  obtain  nominal  target 
concentrations  (mg/kg,  dry  mass  [DM])  of  0.001,  0.05,  0.10, 
0.5,  1,  and  10  for  CL-20;  175,  200,  300,  and  700  for  RDX; 
or  200,  500,  and  1,000  for  HMX.  Selection  of  RDX  and  HMX 
concentrations  in  soil  used  in  the  present  experiments  were 
based  on  earlier  studies  [19-22].  Solvent  controls  for  soil  treat¬ 
ments  were  amended  with  acetone  only.  Soil  samples  were 


Table  1.  Physical  and  chemical  characteristics  of  test  soils” 


Parameters 

SSL 

RacAg2002  Rac50-50 

PH 

5.5 

8.2 

7.9 

Water-holding  capacity  (%,  v/w) 

21 

320 

93 

CECb  (cmol/kg) 

5.5 

69.6 

20.3 

Organic  matter  (%,  w/w) 

1.2 

42 

23 

Texture0 

Sand,  50—2,000  (Jim 

71 

90 

87 

Silt,  2—50  |xm 

18 

9 

11 

Clay,  <2  (im 

11 

1 

2 

“  Soils  used:  SSL  =  Sassafras  sandy  loam;  RacAg2002  =  agricultural 
soil;  Rac50-50  =  composite  mixture  of  forest  and  agricultural  soils. 
b  CEC  =  cation  exchange  capacity. 

c  Values  are  expressed  as  %  (w/w),  and  include  organic  matter  con¬ 
tents. 
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left  for  at  least  16  h  in  a  darkened  chemical  hood  to  allow  the 
evaporation  of  the  solvent.  Each  amended  soil  sample  was 
mixed  for  18  h  on  a  three-dimensional  rotary  mixer,  as  de¬ 
scribed  earlier  by  Kuperman  et  al.  [14].  The  soils  were  then 
hydrated  with  ASTM  Type  I  water  to  a  soil-specific  percent 
of  the  water-holding  capacity  (WHC)  for  toxicity  testing.  Hy¬ 
drated  soils  were  allowed  to  moisture  equilibrate  for  24  h 
before  use  for  toxicity  testing  or  chemical  analyses.  Triplicate 
soil  samples  collected  from  each  soil  batch  for  chemical  anal¬ 
yses  were  stored  at  4°C  and  were  analyzed  within  one  week. 

To  prepare  CL-20  concentrations  as  low  as  0.001  mg/kg 
DM  for  subsequent  toxicity  testing,  a  different  procedure  was 
used.  Solutions  of  CL-20  ranging  from  0.002  to  2.0  mg/L  were 
first  prepared  in  acetone  and  then  diluted  with  ASTM  Type  I 
water  24  h  before  toxicity  testing.  The  final  concentration  of 
acetone  in  water  was  1%  (v/v),  a  concentration  that  did  not 
affect  survival  or  reproduction  of  enchytraeids.  Depending  on 
the  soil  type  and  WHC,  5  to  10  ml  of  each  solution  was  added 
to  20  g  of  dry  soil.  Final  CL-20  concentrations  (mg/kg  DM) 
in  SSL  soil  were  nominal  0,  0.001,  0.05,  0.1,  and  0.5,  and 
analytically  determined  2.98  and  9.79.  The  nominal  concen¬ 
trations  in  either  RacAg2002  or  Rac50-50  soils  were  0,  0.001, 
0.01,  0.05,  0.1,  0.5,  and  1.0  mg/kg  DM. 

Culturing  and  handling  of  test  species 

Laboratory  cultures  of  E.  albidus  Henle  1837  (white  pot- 
worm),  and  E.  crypticus  were  originally  provided  by  J.  Romb- 
ke  (Frankfurt,  Germany)  and  the  U.S.  Army  Edgewood  Chem¬ 
ical  Biological  Center  (Aberdeen  Proving  Grounds),  respec¬ 
tively.  Enchytraeids  were  cultured  separately  in  a  mixture  ( 1 : 
1,  w/w)  of  garden  soil  (designated  GS1)  and  Organization  for 
Economic  Cooperation  and  Development  standard  artificial 
soil  [23]  adjusted  to  60%  of  the  WHC,  according  to  Rombke 
and  Moser  [24].  The  GS1  was  a  sandy  loam  soil  with  the 
following  properties:  70%  sand,  23%  silt,  7%  clay,  pH  6.9, 
76%  WHC,  11.2%  total  organic  carbon,  and  0.38%  Kjeldahl 
N  (K-N).  The  artificial  soil  had  the  following  properties:  70% 
sand,  20%  kaolin  clay,  and  10%  grounded  peat.  Soil  pH  was 
adjusted  to  6.0  ±  0.5  with  CaC03.  The  potworms  were  fed 
once  a  week  with  commercially  available  oats  (Pablum®  Oat 
cereal,  H.J.  Heinz  Company  of  Canada,  North  York,  ON,  Can¬ 
ada).  Mature  E.  albidus  with  visible  eggs  in  the  clitellum 
region  were  acclimated  in  RacAg2002,  SSL,  or  Rac50-50  soils 
for  24  h  before  testing.  Cultures  of  E.  crypticus  were  main¬ 
tained  in  the  test  soils  for  two  to  three  months  before  testing; 
therefore,  no  acclimatization  was  required. 

Enchytraeid  reproduction  and  survival  test 

The  enchytraeid  reproduction  and  survival  test  used  in  the 
present  study  was  adapted  from  the  ISO  16387  bioassay  [18], 
Briefly,  a  20-g  DM  sample  of  each  soil  type  was  placed  into 
separate  200-ml  glass  jars,  and  was  hydrated  to  85  to  100% 
of  their  respective  WHC.  After  the  24-h  equilibration  period, 
40  or  50  mg  of  lyophilized  oats  for  E.  albidus  or  E.  crypticus, 
respectively,  were  mixed  into  the  soil  in  each  jar.  Ten  accli¬ 
mated  enchytraeids  were  then  added  to  each  test  container. 
Each  toxicity  test  was  replicated  («  =  3)  and  included  negative 
(no  chemicals  added),  carrier  (acetone-treated  soil  after  ace¬ 
tone  evaporation),  and  positive  (reference  toxicant,  carben¬ 
dazim)  controls.  Each  jar  was  covered  with  a  glass  petri  dish 
to  prevent  moisture  loss  during  the  incubation  period.  All  con¬ 
tainers  were  placed  in  an  environment-controlled  incubator  at 
20°C  and  16:8  h  light:dark  cycle.  The  containers  were  weighed 


once  a  week  and  the  water  loss  was  replenished  with  the  ap¬ 
propriate  amount  of  ASTM  type  I  water.  Lyophilized  oats  (20 
mg  for  E.  albidus  and  50  mg  for  E.  crypticus )  were  added 
weekly  to  each  test  container. 

Adult  survival  was  assessed  on  day  21  of  the  tests  for  E. 
albidus,  and  on  day  14  for  E.  crypticus.  All  surviving  adults 
were  removed  from  the  soil  and  were  counted.  The  soil  (con¬ 
taining  cocoons  and  juveniles)  was  then  returned  to  the  same 
test  container,  adjusted  to  the  initial  moisture  level,  and  was 
incubated  for  an  additional  21  d  for  tests  with  E.  albidus  and 
14  d  for  E.  crypticus.  Juvenile  production  by  each  species  was 
assessed  by  counting  the  number  of  hatched  juveniles  on  day 
42  (E.  albidus )  or  day  28  (E.  crypticus)  of  the  test.  For  this, 
5  ml  of  95%  ethanol  was  added  to  each  soil  sample  as  a  tissue 
preservative,  and  approximately  250  p.1  of  Bengal  Rose  bio¬ 
logical  stain  (1%  solution  in  ethanol)  was  added  to  each  con¬ 
tainer.  Water  was  added  into  each  container  at  the  soil  level 
followed  by  30%  AM-30  Ludox  colloidal  silica  (Sigma-Al- 
drich  Canada,  Oakville,  ON,  Canada)  in  order  to  have  a  depth 
of  1  to  2  cm  of  liquid  above  the  soil  surface.  Ludox  allowed 
soil  particles  to  stay  at  the  bottom,  whereas  pink-stained  en¬ 
chytraeids  floated.  This  method  of  harvesting  and  enumerating 
enchytraeids  from  soil  is  rapid  and  highly  efficient  [25]. 

Quality  control 

The  fungicide  carbendazim  was  used  as  the  reference  tox¬ 
icant  in  SSL  soil  for  E.  crypticus,  and  in  artificial  soil  for 
either  E.  crypticus  or  E.  albidus.  Carbendazim  (>97%  purity) 
was  applied  in  the  following  concentrations  (mg/kg  DM)  in 
artificial  soil:  10,  25,  50,  75,  and  100  for  tests  withE.  crypticus, 
and  1.0,  2.5,  5.0,  10,  and  50  for  tests  with  E.  albidus.  Validity 
criteria  for  the  positive  controls  were  based  on  in-house  control 
data  and  published  reports  [12],  The  test  validity  criteria  for 
negative  controls  included  more  than  80%  survival  of  adult 
potworms,  an  average  of  25  or  higher  for  number  of  juveniles 
produced,  and  a  coefficient  of  variation  of  50%  or  less  [18], 
All  definitive  tests  for  CL-20  toxicity  with  E.  crypticus  and 
E.  albidus  in  Rac50-50  soil  complied  with  the  validity  criteria 
of  the  ISO  16387  guideline  [18].  In  addition,  the  median  ef¬ 
fective  concentration  (EC50)  value  for  juvenile  production  by 
E.  albidus  in  the  positive  control  with  artificial  soil  was  1.6 
mg  carbendazim/kg  DM,  and  was  consistent  with  the  work  of 
Rombke  and  Moser  [24].  The  EC50  values  for  juvenile  pro¬ 
duction  by  E.  crypticus  were  44  mg/kg  in  artificial  soil  and 
8.5  mg/kg  in  SSL  soil,  and  were  within  the  baseline  values 
established  for  our  laboratory  culture  of  E.  crypticus.  Mean 
adult  survival  in  negative  controls  ranged  from  84  to  97%  in 
tests  with  E.  crypticus,  and  was  99%  in  test  with  E.  albidus. 
Mean  number  of  juveniles  produced  by  E.  crypticus  in  neg¬ 
ative  controls  ranged  from  117  to  856,  and  was  45  for  E. 
albidus  in  Rac50-50  soil.  The  coefficient  of  variation  values 
for  the  negative  control  of  each  individual  test  ranged  from 
10.1  to  29%.  Reproduction  of  E.  albidus  was  not  supported 
in  SSL  soil  that  had  properties  (pH  and  OM  content;  Table  1) 
outside  the  optimal  requirements  (near  neutral  pH,  and  high 
OM  content)  for  this  species  [24].  The  reasons  for  poor  re¬ 
production  of  E.  albidus  in  RacAg2002  are  not  clear,  but  could 
be  related  to  a  relatively  high  soil  pH,  cation  exchange  ca¬ 
pacity,  or  other  properties  that  were  not  determined  in  this  soil. 

Chemical  analysis  of  energetic  nitramines 

Acetonitrile  extractions  of  CL-20,  RDX,  or  HMX  from 
amended  soils  were  performed  according  to  U.S.  Environ- 
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CL-20  concentration  (mg/kg)  CL-20  concentration  (mg/kg) 

Fig.  2.  Adult  survival  (A)  and  juvenile  production  (B)  by  Enchytraeus  crypticus  exposed  to  hexanitrohexaazaisowurtzitane  (CL-20)  in  freshly 
amended  Sassafras  sandy  loam  soil  (SSL). 


mental  Protection  Agency  Method  8330A  [26].  Soil  extracts 
were  analyzed  and  quantified  by  using  a  high-performance 
liquid  chromatography-ultraviolet  detection  system  as  de¬ 
scribed  elsewhere  [6,21],  The  limit  of  detection  of  liquid  sam¬ 
ples  (p-g/L)  was  approximately  50  for  CL-20,  50  for  RDX, 
and  100  for  HMX.  Precision  was  >95%  (standard  deviation 
<  2%,  signal  to  noise  ratio  =  10).  The  limit  of  quantification 
in  SSL  soil  was  0.25  mg/kg  for  both  CL-20  and  RDX,  and 
0.5  mg/kg  for  HMX.  Both  RacAg2002  and  Rac50-50  soils 
showed  background  signals  changing  the  quantification  limit 
for  CL-20  to  2.0  and  0.5  mg/kg,  respectively.  Therefore,  only 
nominal  values  are  reported  for  all  CL-20  concentrations  below 
2  mg/kg. 

Statistical  analyses 

Definitive  tests  data  were  statistically  analyzed  to  determine 
toxicological  benchmarks  based  on  acute  (adult  survival)  and 
chronic  (juvenile  production)  measurement  endpoints.  The  pri¬ 
mary  focus  of  these  analyses  was  to  determine  toxicological 
benchmarks  that  are  based  on  concentration-response  rela¬ 
tionships  for  the  chronic  measurement  endpoints.  Several  re¬ 
gression  models  described  in  Stephenson  et  al.  [27]  were  eval¬ 
uated  to  identify  the  best  fit  for  the  individual  data  sets  gen¬ 
erated  in  each  toxicity  test.  This  selection  was  based  on  several 
parameters,  including  examination  of  histograms  of  the  resid¬ 
uals  for  the  best  appearance  (i.e.,  most  random  scattering)  and 
stem-and-leaf  graphs  to  ensure  that  normality  assumptions 
were  met;  examination  of  the  regression  line  generated  by  each 
model  to  select  one  with  the  closest  fit  to  the  data  points;  and 
comparison  of  the  variances,  asymptotic  standard  errors,  co¬ 
efficients  of  determination,  and  the  range  of  95%  confidence 
intervals  (CIs)  associated  with  the  point  estimates  to  identify 
a  model  that  generated  the  smallest  values  or  range  for  each 
parameter.  Based  on  these  criteria,  two  models  were  chosen 
that  gave  the  best  fit  for  the  toxicity  data.  These  models  in¬ 
cluded  an  exponential  model  (for  CL-20  effect  on  reproduction 
of  E.  crypticus  in  SSL) 

Y  =  a  X  gd[i°g(i  ~  i0]*c pi  x  o  +  b 


and  logistic  (Gompertz)  model  (for  all  remaining  pairings) 

Y  =  a  X  efflogt1  -  />) i  x  (c/EcP)bj 

where  Y  is  the  number  for  a  measurement  endpoint  (e.g.,  num¬ 
ber  of  juveniles);  a  is  the  control  response;  e  is  the  base  of 
the  natural  logarithm;  p  is  the  targeted  endpoint  inhibition/ 100 
(e.g.,  0.50  for  EC50);  ECp  is  the  estimate  of  effect  concen¬ 
tration  for  a  specified  percent  effect;  C  is  the  exposure  con¬ 
centration  in  test  soil;  and  b  is  a  scale  parameter. 

The  ECp  parameters  used  in  this  study  included  the  con¬ 
centrations  of  CL-20,  RDX,  or  HMX  that  produce  a  20% 
(EC20)  or  50%  (EC50)  reduction  in  the  measurement  endpoint. 
The  EC20  parameter  based  on  a  reproduction  endpoint  is  the 
preferred  parameter  for  deriving  soil  invertebrate  ecological 
soil  screening  level  (Eco-SSL)  values  according  to  the  U.S. 
Environmental  Protection  Agency  approach  [9],  The  EC50,  a 
commonly  reported  value,  and  survival  data  also  were  included 
to  enable  comparisons  of  the  results  produced  in  this  study 
with  results  reported  by  other  researchers. 

Analysis  of  variance  was  used  to  determine  the  bounded 
(where  possible)  no-observed-effect  concentration  (NOEC) 
and  lowest-observed-effect  concentration  (LOEC)  values  for 
adult  survival  or  juvenile  production  data.  Means  separations 
were  performed  by  using  Fisher’s  least  significant  difference 
pairwise  comparison  tests.  A  significance  level  of  p  £  0.05 
was  accepted  for  determining  the  NOEC  and  LOEC  values. 
Pearson  correlation  analysis  was  used  to  test  for  relationships 
among  the  soil  properties  and  reproduction  toxicity  endpoints 
for  CL-20.  Statistical  analyses  were  performed  by  using  SYS- 
TAT®  7.0.1  [28]. 

RESULTS  AND  DISCUSSION 

Toxicity  of  CL-20  to  enchytraeids 

Both  adult  survival  and  juvenile  production  by  E.  crypticus 
were  affected  by  exposure  to  soils  initially  amended  with  CL- 
20,  within  the  concentration  ranges  tested  in  the  definitive  tests 
(Figs.  2  to  4).  The  present  studies  indicate  that  CL-20  exposure 
was  toxic  to  the  enchytraeids  based  on  its  lethal  and  sublethal 
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CL-20  concentration  (mg/kg)  CL-20  concentration  (mg/kg) 

Fig.  3.  Adult  survival  (A)  and  juvenile  production  (B)  by  Enchytraeus  crypticus  exposed  to  hexanitrohexaazaisowurtzitane  (CL-20)  in  freshly 
amended  RacAg2002  soil. 


effects.  Ecotoxicological  benchmarks  summarized  in  Table  2 
show  that  CL-20  in  soil  was  highly  toxic  to  E.  crypticus  in 
the  three  soil  types  tested,  with  median  lethal  concentration 
(LC50)  and  EC50  values  ranging  from  0.1  to  0.7,  and  from 
0.08  to  0.62  mg/kg,  respectively.  Reproduction  was  a  more 
sensitive  assessment  endpoint  compared  with  adult  survival  in 
all  soil  types  tested  (Table  2).  The  order  of  CL-20  toxicity  in 
soils  (from  greatest  to  least)  for  E.  crypticus  was  RacAg2002 
>  SSL  >  Rac50-50  soils  based  on  EC50  values  for  juvenile 
production. 

Exposure  to  CL-20  did  not  adversely  affect  survival  of  adult 
E.  albidus  in  RacAg2002  soil  up  to  and  including  1  mg/kg, 
but  caused  a  concentration-dependent  decrease  in  juvenile  pro¬ 
duction  in  the  Rac50-50  soil  (Fig.  5A  and  Table  2).  No  con¬ 


centration-response  relationships  could  be  determined  for  ju¬ 
venile  production  by  E.  albidus  in  SSL  or  RacAg2002  soils, 
which  did  not  support  reproduction  of  this  species.  Accord¬ 
ingly,  data  for  CL-20  toxicity  for  E.  albidus  in  EMs-amended 
SSL  or  RacAg2002  should  be  interpreted  with  caution.  To  our 
knowledge,  there  are  no  published  studies  describing  the  tox¬ 
icity  of  CL-20  to  enchytraeids. 

Earlier  studies  by  Dodard  et  al.  [12]  have  shown  that  ex¬ 
posure  to  EMs  such  as  2,4,6-trinitrotoluene  (TNT)  in  amended 
soil  causes  decreased  production  of  juvenile  E.  albidus.  This 
exposure  is  also  associated  with  the  degradation  of  TNT  in 
both  the  soil  as  well  as  in  the  enchytraeids  [13].  Dodard  et  al. 
[12]  also  showed  that  TNT  amended  in  soil  was  5  to  10  times 
more  lethal  to  juveniles  than  to  adult  potworms.  Therefore, 


CL-20  concentration  (mg/kg)  CL-20  concentration  (mg/kg) 


Fig.  4.  Adult  survival  (A)  and  juvenile  production  (B)  by  Enchytraeus  crypticus  exposed  to  hexanitrohexaazaisowurtzitane  (CL-20)  in  freshly 
amended  Rac50-50  soil  (composite  mixture  of  forest  and  agricultural  soil). 
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Table  2.  Toxicological  benchmarks  (mg/kg)  for  hexanitrohexaazaisowurtzitane  (CL-20)  determined  in  freshly  amended  soils  by  using  the 
enchytraeid  survival  and  reproduction  test  with  Enchytraeus  crypticus  and  Enchytraeus  albidus “ 


Adult  survival1  Juvenile  production11 


Species  and  soilb 

LC20  (95%  Cl) 

LC50  (95%  Cl) 

LOEC 

NOEC 

EC20  (95%  Cl) 

EC50  (95%  Cl) 

LOEC 

NOEC 

E.  crypticus 

SSL 

0.2  (0. 1-0.4) 

0.4  (0. 2-0.5) 

0.5 

0.1 

0.04  (0.02-0.05) 

0.12  (0.07-0.16) 

0.05 

0.001 

RacAg2002 

0.003  (0-0.02) 

0.1  (0-0.3) 

0.05“ 

0.01“ 

0.001  (0-0.01) 

0.08  (0-0.24) 

0.05 

0.01 

Rac50-50 

0.3  (0. 1-0.5) 

0.7  (0. 6-0.9) 

0.5 

0.1 

0.03  (0-0.08) 

0.62  (0.26-0.98) 

0.05= 

0.01“ 

E.  albidus 

SSL 

0.006  (0-0.02) 

0.2  (0-0.4) 

0.05 

0.001 

ND* 

ND 

ND 

ND 

RacAg2002 

>1.0 

>1.0 

>1.0 

1.0 

ND 

ND 

ND 

ND 

Rac50-50 

>0.5 

>0.5 

0.5 

0.1 

0.05  (0-0.13) 

0.19  (0.04-0.34) 

0.5“ 

0.1“ 

“Mortality  was  assessed  on  day  14  for  E.  crypticus,  and  on  day  21  for  E.  albidus,  by  counting  the  number  of  surviving  adult  enchytraeids. 

Reproduction  was  assessed  on  day  28  for  E.  crypticus,  and  on  day  42  for  E.  albidus,  by  counting  the  number  of  juvenile  enchytraeids. 
b  SSL  =  Sassafras  sandy  loam  soil;  RacAg2002  =  agricultural  soil;  Rac50-50  =  composite  mixture  of  forest  and  agricultural  soil. 
c  LC  =  lethal  concentration;  Cl  =  confidence  interval;  LOEC  =  lowest-observed-effect  concentration;  NOEC  =  no-observed-effect  concentration. 
d  EC  =  effective  concentrations. 

“  Based  on  Bonferroni  adjusted  comparison  probabilities. 

1  ND  =  not  determined  because  SSL  and  RacAg2002  soils  did  not  support  reproduction  of  E.  albidus. 


the  decreased  enchytraeid  juvenile  production  resulting  from 
exposure  to  TNT  or  its  degradation  products  may  have  been 
due,  at  least  in  part,  to  lower  numbers  of  surviving  adults  as 
well  as  juveniles.  This  explanation  is  not  likely  for  E.  albidus 
exposed  to  CL-20  in  Rac50-50  soil  in  the  present  study,  be¬ 
cause  CL-20  decreased  juvenile  production  without  any  evi¬ 
dence  of  adult  mortality  (no  significant  change  in  the  number 
of  surviving  adults). 

Toxicity  benchmarks  for  CL-20  determined  in  the  present 
study  with  enchytraeids  are  generally  consistent  with  data  from 
the  only  published  study  on  E.  andrei  [6].  Toxicity  of  CL-20 
for  adult  enchytraeids  was  greater  compared  with  LC50  values 
(53.4  and  >125  mg/kg  in  SSL  and  RacFor2002,  respectively) 
for  E.  andrei  [6],  The  EC50  values  for  reproduction  endpoints 
for  E.  andrei  (cocoon  production  and  viability,  and  juvenile 
production)  ranged  from  0.05  to  0.09  mg/kg  in  the  same  SSL 
soil  type,  and  from  1.3  to  1.5  mg/kg  in  RacFor2002  soil  that 
had  properties  similar  to  RacAg2002  soil  of  the  present  study 


CL-20  concentration  (mg/kg) 


[6].  Our  studies  showed  that  E.  crypticus  and  E.  albidus  were 
similarly  sensitive  to  CL-20  exposure  in  Rac50-50  soil,  based 
on  NOEC  or  LOEC  values  for  adult  survival,  and  on  EC50 
or  EC20  values  (95%  Cl  basis)  for  juvenile  production  (Table 
2).  In  contrast,  SSL  sustained  greater  CL-20  toxicity  to  adult 
E.  albidus  compared  to  E.  crypticus,  although  suboptimal 
properties  of  this  soil  for  E.  albidus  could  contribute  to  in¬ 
creased  sensitivity  of  this  species  in  SSL. 

Recent  studies  by  Lachance  et  al.  [29]  showed  that  TNT 
and  its  (bio)transformed  products  (2-aminodinitrotoluene  and 
4-aminodinitrotoluene)  were  responsible  for  causing  toxic  ef¬ 
fects  to  earthworms  E.  andrei  exposed  to  TNT-amended  soils. 
It  is  not  yet  determined  whether  the  toxicity  of  CL-20  to  en¬ 
chytraeids,  like  TNT  to  earthworms,  was  caused  by  the  parent 
energetic  chemical,  or  by  its  degradation  products  formed  by 
biotic  and  abiotic  processes  in  soil.  It  is  known  that  CL-20 
can  be  degraded  in  nonsterile  soils  [30],  under  alkaline  con¬ 
ditions  [31,32],  or  in  the  presence  of  zero-valent  metals  such 


RDX  concentration  (mg/kg) 


Fig.  5.  Effects  of  hexanitrohexaazaisowurtzitane  (CL-20)  (A,  nominal  concentrations)  or  hexahydro-l,3,5-trinitro-l,3,5-triazacyclohexane(RDX) 
(B.  measured  concentrations)  on  juvenile  production  by  Enchytraeus  albidus  in  freshly  amended  Rac50-50  soil. 
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Table  3.  Effects  of  RDX  and  HMX  on  adult  survival  and  juvenile  production  (means  ±  standard  deviation)  by  two  enchytraeid  species  in  a 

freshly  amended  composite  soil  Rac50-50a 


Adult  survival  Number  of  juveniles  produced 

Concentrations - 


Test  groups 

(mg/kg)b 

Enchytraeus  albidus 

Enchytraeus  crypticus 

E.  albidus 

E.  crypticus 

Negative  control 

0 

9.3 

0.6 

9.7 

+ 

0.6 

83 

-+- 

7 

622 

±  50 

Solvent  control 

0 

10.0 

+ 

0.0 

10.0 

0.0 

92 

-+- 

17 

569 

±  85 

RDX 

174 

9.0 

+ 

1.0 

9.3 

0.6 

90 

+ 

16 

512 

±  81 

209 

10.0 

-t- 

0.0 

9.3 

-t- 

0.6 

43* 

+ 

25 

515 

±  168 

299 

9.7 

0.6 

9.3 

+ 

0.6 

58* 

-+- 

3 

460 

±  103 

658 

9.7 

-+- 

0.6 

10.0 

+ 

0.0 

31* 

+ 

19 

474 

±  34 

HMX 

205 

10.0 

0.0 

9.7 

0.6 

98 

+ 

21 

522 

±  61 

484 

9.0 

+ 

1.0 

9.7 

0.6 

88 

+ 

8 

476 

±  40 

918 

9.7 

-+- 

0.6 

10.0 

+ 

0.0 

75 

+ 

0.6 

572 

±  115 

“RDX  =  hexahydro-l,3,5-trinitro-l,3,5-triazacyclohexane;  HMX  =  octahydro-l,3,5,7-tetranitro-l,3,5,7-tetrazocine. 

b  Concentrations  are  based  on  acetonitrile  extraction  and  high-performance  liquid  chromatography-ultraviolet  detection  using  U.S.  Environmental 
Protection  Agency  Method  8330A  [26]. 

*  Significant  difference  from  the  respective  solvent  control  (p  £  0.05). 


as  iron  [33]  to  produce  nitrite  (NCfr),  nitrous  oxide  (N20), 
ammonia  (NH3),  formic  acid  (HCOOH),  and  glyoxal  (HCO- 
CHO).  The  higher  pH  value  of  RacAg2002  compared  with 
SSL  and  Rac50-50  soils  could  accelerate  the  hydrolysis  of  CL- 
20  and  the  concomitant  formation  of  greater  quantities  of  po¬ 
tentially  more  toxic  chemicals  to  enchytraeids  such  as  glyoxal 
or  formic  acid  [34].  However,  preliminary  studies  by  our  re¬ 
search  team  have  indicated  that  when  glyoxal  or  formic  acid 
was  separately  amended  in  SSL  soil  at  concentrations  ranging 
from  1  to  100  mg/kg  DM,  no  lethal  effects  on  the  earthworms 
were  observed.  Therefore,  formation  of  CL-20  degradation 
products  other  than  glyoxal  or  formic  acid  can  be  important 
for  understanding  the  mechanisms  of  CL-20  toxicity  in  soil 
and  requires  further  investigations.  These  products  may  in¬ 
clude  the  early  reactive  intermediates  such  as  free  radicals  and 
imines  [32,35,36]  that  can  lead  to  cell  organelle  injury,  and 
the  subsequent  toxicity  to  soil  invertebrates. 

Comparison  of  the  effects  of  energetic  nitramines 
on  enchytraeids 

Comparison  of  the  effects  of  CL-20,  RDX,  and  HMX  on 
the  two  enchytraeid  species  was  possible  only  in  Rac50-50 
soil  because  neither  SSL  nor  RacAg2002  could  support  re¬ 
production  of  E.  albidus.  Exposure  of  E.  crypticus  or  E.  al- 
bidus  to  RDX  or  HMX  in  Rac50-50  soil  did  not  affect  (p  > 
0.05)  adult  survival  up  to  their  respective  highest  concentra¬ 
tions  of  658  and  918  mg/kg  (Table  3).  Juvenile  production  by 
either  species  was  unaffected  by  HMX  in  all  exposure  con¬ 
centrations  tested  in  this  soil.  In  contrast  to  HMX,  exposure 
of  E.  albidus  to  RDX  significantly  (p  ^  0.05)  decreased  ju¬ 
venile  production  at  209  mg/kg  (bounded  LOEC)  and  elicited 
a  concentration-dependent  response  (Fig.  5B)  producing  the 
EC20  and  EC50  values  of  161  and  444  mg/kg,  respectively. 
Exposure  of  E.  crypticus  to  RDX  did  not  significantly  affect 
( p  >  0.05)  juvenile  production  up  to  the  highest  tested  con¬ 
centration  of  658  mg/kg  (Table  3). 

Experimentally  determined  toxicological  benchmark  data 
for  the  enchytraeid  worm  E.  albidus  in  Rac50-50  soil  showed 
that  the  toxicity  of  CL-20  was  three  orders  of  magnitude  great¬ 
er  compared  with  RDX,  based  on  EC50  values  for  reproduc¬ 
tion.  The  difference  in  toxicity  between  CL-20  and  HMX  was 
even  greater  for  E.  crypticus,  which  was  not  affected  by  ex¬ 
posure  to  RDX  up  to  the  highest  concentration  of  658  mg/kg 
tested  in  Rac50-50  soil.  The  greatest  contrast  in  the  effects  of 


nitramines  on  either  enchytraeid  species  was  observed  between 
CL-20  and  HMX,  which  did  not  adversely  affect  either  adult 
survival  or  reproduction  up  to  918  mg/kg  DM.  These  results 
do  not  support  our  initial  hypothesis  that  cyclic  nitramines  CL- 
20,  RDX,  and  HMX  sustain  similar  toxicities  to  the  enchy¬ 
traeid  worms  because  of  apparent  similarities  in  their  molec¬ 
ular  structures  and  functional  groups.  Toxicity  data  for  RDX 
determined  in  our  studies  agree  with  the  results  of  Schafer  and 
Achazi  [10],  who  reported  that  RDX  did  not  affect  E.  crypticus 
up  to  1,000  mg/kg  in  standard  LUFA  2.2  soil  aged  for  one 
month  before  the  exposure.  More  recent  studies  by  Kuperman 
et  al.  [14]  that  used  higher  RDX  concentrations  for  E.  ctypticus 
exposures  in  SSL  soil,  produced  an  EC50  value  of  51,413  mg/ 
kg,  five  orders  of  magnitude  difference  compared  with  CL-20 
effects  on  this  species  determined  in  our  study  (EC50  of  0.12 
mg/kg).  Results  of  our  present  studies  with  HMX  are  consistent 
with  findings  by  Kuperman  et  al.  [14],  who  reported  no  adverse 
effects  of  HMX  on  E.  crypticus  in  freshly  amended  SSL  soil 
up  to  21,750  mg/kg.  Based  on  the  results  of  the  present  studies 
and  those  reported  by  others  [14],  the  order  of  toxicity  of  cyclic 
nitramines  to  enchytraeids  in  freshly  amended  soils  is  (from 
greatest  to  least)  CL-20  >  RDX  >  HMX. 

Both  CL-20  and  RDX  can  degrade  in  soil  more  easily  than 
does  HMX.  Analyses  of  soil  samples  from  sites  associated 
with  past  and  present  practices  involving  extensive  use  of  Oc¬ 
tal  (containing  70%  [w/w]  HMX,  30%  TNT,  and  <1%  RDX) 
showed  that  only  HMX  was  detected  as  the  principal  contam¬ 
inant  in  soil  [37,38]  or  in  plant  tissue  [39].  Furthermore,  Rob- 
idoux  et  al.  [40]  detected  HMX  in  earthworm  tissue  after  a 
28-d  exposure  to  soils  collected  from  an  antitank  firing  range 
containing  a  number  of  contaminants  including  HMX.  The 
polycyclic  nitramine  CL-20  was  found  to  biotransform  faster 
than  the  monocyclic  nitramines  RDX  or  HMX  under  similar 
conditions  [35].  The  order  of  toxicity  of  the  three  EMs  parallels 
their  order  of  chemical  and  biochemical  reactivity,  suggesting 
that  these  chemicals  can  exert  their  toxic  effects,  at  least  in 
part,  through  their  degradation  products.  However,  it  should 
be  noted  that  the  above  toxicity  order  also  follows  the  order 
of  respective  log  octanol-water  partition  coefficient  (Kow)  val¬ 
ues  for  the  studied  EMs  (CL-20:  1.92  >  RDX:  0.90  >  HMX: 
0.16)  [41],  and  that  the  toxicity  could  be  favored  by  a  higher 
log  Kow  and  a  higher  tissue  uptake  of  the  EM  into  the  soil 
organisms. 
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Toxicity  of  CL-20  in  different  soil  types 

Soil  types  used  in  assessments  of  CL-20  toxicity  varied  3. 

predominantly  in  percent  WHC,  OM  and  clay  contents,  pH, 
and  cation  exchange  capacity  (Table  1).  The  soil  WHC  is  de¬ 
pendent  on  OM  content  and  texture,  and  was  not  included  in 
the  correlation  analysis.  The  relationships  among  the  remain¬ 
ing  soil  properties  and  CL-20  toxicity  for  reproduction  of  E. 
crypticus  (EC20  level)  were  analyzed  by  using  pairwise  Pear¬ 
son  correlations.  Analysis  showed  weak  or  no  relationships 
overall  (p  >  0.3)  among  the  soil  properties  (pH,  OM,  clay,  or 
cation  exchange  capacity)  and  CL-20  toxicity  (data  not 
shown).  The  strongest  correlations  were  determined  for  cation 
exchange  capacity  (r  =  —  0.843,  p  =  0.362),  and  percent  OM 
(r  =  —0.614,  p  =  0.579),  and  the  weakest  for  percent  clay  (r 
=  0.231,  p  =  0.852),  and  pH  (r  =  -0.275,  p  =  0.822).  The 
effects  of  soil  properties  on  the  bioavailability  and  toxicity  of 
the  cyclic  nitramines  to  soil  invertebrates  have  not  been  ad¬ 
equately  investigated  [6,14,22].  However,  CL-20  is  highly  im¬ 
mobilized  by  soils  rich  in  OM,  and  its  bioavailability,  affected 
by  sorption  to  soil  constituents,  could  vary  depending  on  the 
pH,  and  the  amount  and  quality  of  OM  [32].  The  SSL  soil 
used  in  the  present  study  had  low  OM  content  and  was  hy¬ 
pothesized  to  support  relatively  higher  bioavailability  and  re¬ 
sulting  toxicity  of  CL-20,  compared  with  the  composite  RacAg 
2002  or  Rac50-50  soils.  Results  of  definitive  tests  showed  that 
this  was  not  the  case;  RacAg2002  soil  sustained  the  greatest 
CL-20  toxicity  to  survival  of  adult  E.  crypticus  and  repro¬ 
duction  based  on  LC50  or  EC50  values  (Table  2).  These  results 
show  that  more  soil  types  with  contrasting  soil  properties 
should  be  included  in  future  toxicity  assessments  to  determine 
the  effect  of  specific  soil  constituents  on  the  bioavailability 
and  toxicity  of  nitramine  energetic  chemicals. 

CONCLUSION 

The  present  study  showed  clearly  that  exposure  to  CL-20 
is  highly  toxic  to  E.  crypticus  and  E.  albidus.  Toxicity  of  CL- 
20  was  orders  of  magnitude  greater  compared  to  the  currently 
used  energetic  compounds  RDX  and  HMX.  Although  CL-20 
undergoes  hydrolysis  in  alkaline  soils,  it  can  be  a  persistent 
soil  contaminant  in  the  vadose  zone  of  neutral  and  acidic  soils. 

The  present  uncertainties  regarding  soil  constituents  affecting 
CL-20  degradation  require  further  investigations  of  the  fate  of 
CL-20  in  soil.  Identification  of  all  intermediate  and  final  prod¬ 
ucts  of  CL-20  degradation,  rates  of  formation,  and  their  effects 
on  soil  biota  are  necessary  before  the  ecological  risks  and 
impacts  of  this  new  cyclic  nitramine  in  the  soil  vadose  zone 
can  be  more  clearly  understood. 
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Abstract 

An  Agilent  3DCE  capillary  electrophoresis  system  using  sulfobutylether-|3-cyclodextrin  (SB-(3-CD)-ammonium  acetate  separation  buffer 
pH  6.9  was  coupled  to  a  Bruker  Esquire  3000+  quadrupole  ion  bap  mass  detector  via  a  commercially  available  electrospray  ionization 
interface  with  acetonitrile  sheath  flow.  The  CE-MS  system  was  applied  in  negative  ionization  mode  for  the  resolution  and  detection  of 
nitroaromatic  and  polar  cyclic  or  caged  nitramine  energetic  materials  including  TNT  [2,4,6-trinitrotoluene,  formula  mass  (FW)  227.13], 
TNB  (1,3,5-trinitrobenzene,  FW  213.12),  RDX  (hexahydro-l,3,5-trinitro-l,3,5-triazine,  FW  222.26)  HMX  (octahydro-l,3,5,7-tetranitro- 
1,3,5,7-tetrazocine,  FW  296.16),  and  CL-20  (2,4,6,8,10,12-hexanitro-2,4.6,8.10,12-hexaazaisowurtzitane,  FW  438.19).  The  CE-MS  system 
conformed  to  the  high-performance  liquid  chromatography  with  ultraviolet  absorbance  detection  (HPLC-UV)  and  HPLC-MS  reference 
methods  for  the  identification  of  energetic  contaminants  and  their  degradation  products  in  soil  and  marine  sediment  samples. 

©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

The  overproduction  of  military  explosives  and  propellants 
has  resulted  in  their  inadvertent  release  to  soil  and  aquatic 
environments  [1],  and  the  potential  toxicity  of  these  materials 
and  their  degradation  products  has  prompted  governments  to 
initiate  programs  for  the  identification  and  characterization  of 
contaminated  sites  [2,3].  The  most  frequently  occurring  soil 
contaminants  (TNT:  2,4,6-trinitrotoluene,  HMX:  octahydro- 
l,3,5,7-tetranitro-l,3,5,7-tetrazocine,  and  RDX:  hexahydro- 
l,3,5-trinitro-l,3,5-triazine)  are  analyzed  by  Cig  reverse 
phase  high-performance  liquid  chromatography  with  ultravi¬ 
olet  absorbance  detection  (HPLC-UV)  [US  Environmental 
Protection  Agency  (EPA)  Method  EPA  8330,  Nitroaromatics 
and  explosives  in  soil]  [4] .  This  method  uses  equipment  read¬ 
ily  available  to  analytical  laboratories,  and  offers  p.g/1  detec  - 
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tion  limits,  but  requires  known  reference  analytical  standards 
for  unequivocal  peak  identification.  The  method  is  therefore 
somewhat  problematic  for  the  discovery  of  novel  degradation 
products.  The  use  of  atmospheric  electrospray  ionization- 
mass  spectrometry  (ESI-MS)  [5-10]  or  atmospheric  pressure 
chemical  ionization  mass  spectrometry  (APCI-MS)  [11-14] 
with  HPLC  has  greatly  assisted  in  the  identification  of  new 
intermediates  and  the  definition  of  environmental  degrada¬ 
tion  pathways  for  energetic  materials  [15-20].  Frequently, 
however,  the  Cis  reversed-phase  HPLC  system  does  not  re¬ 
solve  polar  metabolites,  and  analyte  identification  is  heavily 
dependent  on  mass  spectra.  Alternative  separation  methods, 
including  gas  chromatography  [21-23],  CN-  or  Cs -reversed- 
phase  HPLC  [24],  ion  exclusion  HPLC  [25,26],  and  micellar 
electrokinetic  chromatography  [27]  are  consequently  of 
interest  for  use  with  mass  spectrometry  for  the  improved  res¬ 
olution  and  identification  of  energetic  contaminants.  Cyclic 
nitramine  explosives  of  moderate  polarity  are  resolved  using 
sulfobutylether-(3-cyclodextrin  (SB-p-CD)  assisted  capillary 
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electrophoresis  [28]  and  here  we  report  on  the  coupling 
of  this  separation  method  to  a  quadrupole  ion  trap  mass 
spectrometer  for  the  identification  of  frequently  encountered 
explosives  and  their  degradation  products  in  environmental 
samples. 

2.  Experimental 

2.1.  Materials 

CL-20  (2,4,6,8,10,12-hexanitro-2,4,6,8,10,12-hexaazai- 
sowurtzitane,  purity  99.3%  as  determined  by  HPLC,  95% 
epsilon  form  as  determined  by  IR)  was  provided  by  Thiokol 
Propulsion  (Brigham  City,  UT,  USA).  HMX,  RDX,  and 
TNX  (hexahydro-l,3,5-trinitroso-l,3,5-triazine,  purity  of  all 
chemicals  >99%)  were  provided  by  Defense  Research  and 
Development  Canada  (DRDC),  Valcartier,  Canada.  MNX 
(hexahydro-l-nitroso-3,5-dinitro-l,3,5-triazine,  purity  98%) 
was  obtained  from  SRI  International  (Menlo  Park,  CA,  USA). 
TNT  and  TNB  (1,3,5-trinitrobenzene)  analytical  standards 
were  purchased  from  Supelco  (Oakville,  Canada).  Contam¬ 
inated  soil  from  an  explosive  manufacturing  site  (Produits 
Chimiques  Expro,  Valleyfield,  Canada)  was  obtained  from 
the  BRI  applied  ecotoxicology  group  (Montreal,  Canada). 
Contaminated  marine  sediment  core  samples  (Ordinance 
range  UXO,  Oahu  Island,  HW,  USA)  were  provided  by  the 
US  Naval  Research  Laboratory  (Arlington,  VA,  USA).  Ad- 
vasep  4  (sulfobutylether-|3-cyclodextrin,  sodium  salt)  [29], 
was  purchased  from  Cydex  (Overland  Park,  KS,  USA).  CE 
grade  ammonium  acetate  was  purchased  from  Agilent  Tech¬ 
nologies  (New  Castle,  DE,  USA).  Formic  acid  was  purchased 
from  Fluka  (Munich,  Germany).  HPLC  grade  acetone  and 
2-propanol  were  purchased  from  Fisher  Scientific  (Mon¬ 
treal,  Canada).  Acetonitrile  and  methanol  were  obtained  from 
Mallinckrodt  Baker  (Phillipsburg,  NJ,  USA).  Ethyl  acetate 
was  provided  by  BDH  (Poole,  UK).  Aqueous  solutions  were 
prepared  using  deionized  Milli-Q  plus  (Millipore)  water.  All 
other  chemicals  (HCHO,  HC1,  NaOH,  H3PO4)  used  were  ob¬ 
tained  from  Aldrich  (Oakville,  Canada).  Standard  analytical 
solutions  (1000  mg/1)  were  prepared  by  adding  crystals  of 
analyte  to  acetonitrile  with  verification  of  concentration  by 
HPLC  as  described  earlier  [16].  Samples  were  prepared  by 
diluting  analytical  standards  or  soil  extracts  in  lOmM  am¬ 
monium  acetate  buffer  pH  6.9. 

2.2.  CE  system 

CE  separations  were  carried  out  using  an  Agilent  3DCE 
instrument  (Agilent,  Waldbronn,  Germany).  Fused  silica 
capillaries  (total  length  (L)  90  cm,  effective  length  to  UV 
detection  window  (1)  2 1 .5  cm,  internal  diameter  50  pun)  were 
purchased  from  Agilent.  Unless  otherwise  indicated,  separa¬ 
tions  were  carried  out  at  30  kV  and  25  °C.  Sample  injections 
were  performed  hydrodynamically  (50mbar,  1-10  s).  The 
separation  buffer  was  10mMsulfobutylether-[3-cyclodextrin, 


10  mM  ammonium  acetate  pH  6.9.  New  capillaries  were  con¬ 
ditioned  by  flushing  with  water  (5  min),  1  M  HC1  (5  min),  wa¬ 
ter  (5  min),  1  M  NaOH  (5  min)  and  separation  buffer  (15  min). 
Following  this  the  capillaries  were  conditioned  electrophoret- 
ically  by  applying  30  kV  for  15  min  with  subsequent  replen¬ 
ishment  of  anodic  and  cathodic  buffer  vials.  In  between  mns 
the  capillaries  were  rinsed  for  30s  in  lOmM  ammonium 
acetate,  and  then  flushed  with  separation  buffer  for  3  min. 

2.3.  MS  system 

A  Bruker  Esquire  3000  plus  ion  trap  spectrometer  (Bruker- 
Daltonics,  Boston,  MA,  USA)  equipped  with  an  Agilent 
atmospheric  electrospray  ionization  source  (Agilent,  Wald¬ 
bronn,  Germany)  was  employed  for  mass  detection.  The 
electrospray  was  operated  in  negative  ion  mode  to  produce 
mainly  deprotonated  molecular  mass  ions  [M  — H]_1.  Ni¬ 
trogen  was  used  as  drying  gas  at  150  °C,  with  a  pressure  of 
816  mbar  (12  psi)  and  at  a  flow  rate  of  7 1/min.  Sheath  liquid 
was  pumped  to  the  atmospheric  pressure  interface  using  an 
Agilent  model  1 100  isocratic  pump  with  a  100: 1  flow  splitter 
to  deliver  6  pd/min.  The  capillary  voltage  was  set  at  6000  V 
with  an  end  plate  offset  of  —500  V.  Observed  electrospray 
currents  ranged  from  5  to  17  nA.  The  scanning  mass  to  charge 
range  was  40  to  600  mlz  with  a  scanning  speed  of  1 3000  m/z 
per  second.  The  resulting  baseline  peak  width  resolution  was 
0.6  U.  The  maximum  accumulation  time  was  50  ms. 

2.4.  Soil  and  sediment  analysis 

Soil  and  sediment  samples  were  extracted  by  sonication 
in  acetonitrile  in  accordance  with  EPA  Method  8330  [4]. 
The  HPLC-UV  analyses  were  performed  as  described 
by  Fournier  et  al.  [30].  Sediment  samples  were  also 
analyzed  as  follows  using  a  Hewlett-Packard  6890  gas 
chromatograph  equipped  with  electron-capture  detection 
(GC-ECD).  Acetonitrile  extracts  (2  jx I )  were  injected  onto 
a  Restek  (Bellefonte,  PA,  USA)  Rtx-TNT  capillary  column 
(6  m  x  0.530  mm,  1.50  pun)  with  helium  as  carrier  gas  at  a 
flow  rate  of  60ml/min  and  680  mbar  (10  psi).  The  column 
was  initially  held  at  100  °C  for  2  min,  then  raised  to  200  °C 
at  a  rate  of  10°C/min.  The  temperature  was  then  ramped 
at  a  rate  of  20  °C/min  to  230  °C  and  maintained  there  for 
13.5  min.  The  injector  and  detector  temperatures  were  250 
and  300  °C,  respectively.  A  Restek  8095  calibration  mix  A 
was  employed  for  reference  calibration.  The  instmmental 
quantification  limits  (p.g/1)  for  this  method  were  as  follows: 
TNT,  0.6;  RDX,  8.9;  HMX,  10.9;  1,3,5-TNB,  1.9;  2,6-DNT, 
0.3;  2,4-DNT,  1.6. 

3.  Results  and  discussion 

3.1.  Mass  spectra  of  analytes  in  the  presence  of 
cyclodextrin 

Beta  cyclodextrins  are  widely  known  to  be  cyclic 
oligosaccharides  containing  seven  glucopyranose  units 
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linked  exclusively  through  alpha  (1-4)  saccharide  bonds 
to  form  a  single  ring.  The  cyclic  orientation  provides  a 
truncated  cone  structure  that  is  hydrophilic  on  the  exterior 
and  lipophilic  at  the  interior  cavity.  Native  cyclodextrins  are 
of  limited  aqueous  solubility  or  inclusion  capacity,  so  the 
parent  macrocycles  are  frequently  modified  by  electrophilic 
persubstitution  at  the  available  hydroxyl  groups  of  carbons 
2,  3,  or  6  of  each  glucopyranose  subunit  to  produce  charged 
or  alkylated  derivatives  [31-33].  Selective  modification  at 
the  specified  hydroxyl  groups  is  difficult,  and  a  range  of 
isomers  is  usually  obtained  using  the  above  methods.  It  is 
theoretically  possible  to  achieve  a  degree  of  substitution 
of  21  in  the  case  of  beta  cyclodextrin,  with  numerous 
possibilities  for  the  synthesis  of  positional  or  regioisomers. 
Commercially  available  modified  cyclodextrins  are  therefore 
obtained  as  a  mixture  of  isomers  with  varied  degrees  of 
substitution,  and  this  has  an  effect  on  both  pseudostationary 
phase  electrophoretic  mobilities,  and  on  the  observed  mass 
spectrum. 

The  cyclodextrin  applied  in  this  study  was  Advasep  4  (Cy- 
dex.  Overland  Park,  KS,  USA)  [29],  a  mixture  of  sulfobutyl 
ether  derivatives  of  beta  cyclodextrin  (SB-p-CD)  that  vary  in 
the  degree  of  substitution  from  one  to  nine  with  a  claimed 
overall  effective  average  degree  of  substitution  (d.s.)  of  4. 
The  low  pKd  of  the  acid  groups  at  the  end  of  the  carbon  butyl 
chains  causes  the  side  chains  to  be  charged  at  all  pH  values 
>2  (p/Ca  <  1).  The  presence  of  such  diverse  highly  charged 
species  in  the  CE  separation  buffer  results  in  complex,  but 
well  defined  CE-MS  background  spectra.  The  spectrum  ob¬ 
served  for  an  infusion  of  lOmM  ammonium  acetate,  lOmM 
SB-(3-CD  (pH  6.9)  separation  buffer  and  acetonitrile  sheath 
fluid  is  presented  in  Fig.  1A.  The  tentative  identities  of  the 
observed  molecular  mass  ions  are  listed  in  Table  1 .  Mass-to- 
charge  values  (mlz)  were  found  for  cyclodextrin  derivatives 
with  degrees  of  substitution  of  4,  5,  6,  and  7  ( mlz  values 
418.7,  362.1,  324.4  and  297.4,  respectively).  Spectral  lines 
are  also  observed  for  the  monosodium  adducts  of  cyclodex¬ 
trin  derivatives  with  degrees  of  substitution  5-7  (mlz  values 


458.3,  393.4  and  350.6,  respectively).  Similar  mass  spectra 
for  preparations  of  SB-p-CD  were  presented  by  Grard  et  al. 
[34], 

Various  forms  of  ion  spray  mass  spectrometry  have  been 
applied  to  the  analysis  of  explosives  by  many  workers.  Us¬ 
ing  electrospray  ionization  triple-quadrupole  MS  on  ace¬ 
tonitrile  solutions  of  a  wide  range  of  explosives,  Casetta 
and  Garofolo  [6]  noted  that  TNT  and  other  resonance  stabi¬ 
lized  nitroaromatic  compounds  formed  deprotonated  anionic 
[M  — H]-1  molecular  mass  ions,  while  explosives  lacking 
in  acidic  protons  tended  to  form  acetate  [M  +  59]-1  or  for¬ 
mate  [M  +  46]-1  mass  ion  adducts.  The  presence  of  acetate 
or  formate  was  attributed  to  impurity  of  the  acetonitrile  in¬ 
fusion  solvent.  Fig.  IB  provides  the  mass  spectrum  for  an 
infusion  of  separation  buffer  containing  TNT  (FW  227.13), 
TNB  (FW  213.12),  RDX  (FW  222.26),  HMX  (FW  296.16), 
and  CL-20  (FW  438.19)  at  10 mg/1  concentration.  The  dom¬ 
inant  mass  ion  signals  observed  in  the  spectrum  are  those 
of  the  substituted  cyclodextrin  derivatives  (i.e.  mlz  362.1, 
etc.).  The  aromatic  explosives  TNT  and  TNB  produced  sig¬ 
nals  at  226  and  212  mlz  corresponding  to  their  deprotonated 
parent  ions  [TNT  —  H]_1  and  [TNB  —  H]_1,  and  signals  at 
mlz  244  and  230  representing  their  deprotonated  ion  wa¬ 
ter  adducts  [TNT-H  +  H2O]-1  and  [TNB  -  H  +  H20]“ 1 , 
respectively.  Acetate  adducts  for  RDX  and  HMX  were  in¬ 
dicated  by  the  observation  of  signals  at  mlz  values  of  281 
([RDX  +  CH3C02]_1)  and  355  ([HMX  +  CH3C02]_1X  re¬ 
spectively.  A  weak  signal  observed  for  CL-20  at  mlz  500  was 
tentatively  assigned  to  the  composition  [CL-20  +  N03]-1, 
as  the  signal  for  NO3-  ( mlz  62)  is  observed  in  the  mass 
spectra  for  Cl-20  and  other  analytes  (Figs.  IB  and  2). 
CL-20  was  reported  to  undergo  denitration  in  aqueous  or 
water-acetonitrile  solutions  at  neutral  [35]  or  alkaline  [18] 
pH,  to  yield  nitrite  anion  (NO2  ,  mlz  46),  but  not  nitrate 
[18,35-37],  and  this  reaction  is  accelerated  in  the  presence 
of  dimethyl-p-cyclo  dextrin  [18,35].  The  SB-P-CD  CE  sep¬ 
aration  buffer  at  pH  6.9  is  therefore  not  well  suited  to  the 
detection  of  CL-20.  It  is  interesting  to  note  that  nitrate  for- 


Table  1 

Identities  of  potential  and  observed  ion  fragments  using  negative  mode  electrospray  ionization  with  10  mM  sulfobutylether-p-cyclodextrin  (SB-(3-CD)  in  10  mM 
ammonium  acetate  pH  6.9  as  capillary  electrophoretic  buffer  and  100%  acetonitrile  as  sheath  fluid 


Tentative  mass  ion 

Degree  of  substitution  (d.s.) 

Charge  (z) 

Molecular  mass  (m) 

mlz  calculated 

mlz  observed 

[CH3co2r‘ 

- 

1 

59 

59 

59 

[2CH3CO2  +  Na]-1 

- 

1 

141 

141 

141 

[SBi  -  H]  1 

1 

1 

1269 

1269 

[SB2  -  2H r2 

2 

2 

1404 

702 

[SB3  -  3H]“3 

3 

3 

1539 

513 

513 

[SB4-4H]-4 

4 

4 

1674 

418.5 

419.3 

[SB5  -  5H]"5 

5 

5 

1809 

361.8 

362.1 

[SB6  -  6H]-6 

6 

6 

1944 

324 

324.4 

[SB7  -  7H]-7 

7 

7 

2079 

297 

297.4 

[SB8  -  8H]-8 

8 

8 

2214 

276.75 

277 

[SB9  -  9H]-9 

9 

9 

2349 

261 

[SB5  —  5H  +  Na]~4 

5 

4 

1832 

458 

458.5 

[SB6  —  6H  +  Na]~5 

6 

5 

1961 

392.5 

393.1 

[SB7  —  7H  +  Na]~6 

7 

6 

2102 

350.3 

350.6 

76 
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Intensity  x  105 


Fig.  1 .  (A)  Mass  spectrum  for  a  10  mM  infusion  of  Advasep  4  sulfobutylether-fi-cyclodextrin  SB-(3-CD  (structure  shown  as  inset,  d.s.  4)  in  10  mM  ammonium 
acetate  pH  6.9,  with  acetonitrile  sheath  fluid.  (B)  Mass  spectrum  for  the  above  infusion  containing  10 mg/1  TNT,  TNB,  RDX,  HMX  and  CL-20  (structures 
shown  as  inset)  with  mass  ion  intensities  indicated  respectively  for  m/z  values  of  226,  230,  28 1 .  355.  and  500. 


mation  from  nitrite  was  reported  for  the  photodegradation 
of  RDX  [17]  and  that  a  dominant  mass  signal  of  m/z  500  is 
observed  in  the  LC-MS  spectra  reported  for  the  photodegra¬ 
dation  of  CL-20  [38], 

The  presence  of  highly  charged  cyclodextrins  in  the  elec¬ 
trospray  aerosol  may  affect  the  identification  of  target  explo¬ 
sive  analytes  in  at  least  two  respects:  (1)  The  presence  of  high 
molecular  weight,  non-volatile  ions  in  high  concentration  will 
inhibit  the  passage  of  target  analytes  to  the  vapour  phase,  and 
(2)  If  the  analyte  in  question  forms  a  highly  stable  inclusion 
complex  with  the  cyclodextrin,  then  the  observed  mass  signal 
will  be  that  of  the  non-covalent  inclusion  complex  and  not 
the  parent  molecular  ion.  Bakhtiar  and  Bulusu  [39]  examined 


the  complexation  of  HMX,  RDX,  and  1,3,3-trinitroazetidine 
(TNAZ)  with  neutral  cyclodextrins  using  positive  ionization 
electrospray  triple  quadrupole  MS  and  observed  complexes 
for  the  cationic  (Na+,  NH4+,  K+)  adducts  of  RDX  and  neutral 
|3-  and  y-cyclodextrins  in  infusions  containing  250  ppm 
RDX  and  cyclodextrin.  The  tentative  [3 -CD  complexes  and 
mass  to  charge  ratios  were  [2|3-CD  +  RDX  +  2NH4  +  K]2+ 
(m/z  1283),  [(3-CD  +  RDX  +  NH4]+  ( m/z  1375),  [(3- 
CD  +  RDX  +  Na]+  ( m/z  1380),  and  [f3-CD  +  RDX  +  K]+ 
( m/z  1396).  Similar  phenomena  were  reported  by  Srini- 
vasan  and  Bartlett  [40]  for  the  CE-MS  analysis  of 
neutral  (3-cyclodextrins  complexed  with  barbiturate 
ion. 
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Table  2 

Average  peak  height  intensities  of  extracted  ions  (cps)  observed  for  10  mg/1  injections  (10  s  50mbar)  of  selected  energetic  compounds  using  different  sheath 
fluids  (standard  deviation  provided  in  brackets,  n  =  5) 


Sheath  fluid 

Isopropanol 

Ethanol 

Methanol 

Ethyl  acetate 

Acetone 

Acetonitrile 

Water 

Compound 

CL-20  (i mlz  500) 

N.D. 

N.D. 

N.D. 

N.D. 

87  (79) 

370  (85) 

N.D. 

TNT  ( mlz  226) 

1880 (228) 

342(112) 

623  (287) 

3912(351) 

17165  (1030) 

36903  (559) 

N.D. 

TNB  ( mlz  230) 

1670(170) 

187  (320) 

498  (172) 

23439 (1523) 

22473  (1143) 

42178  (1898) 

N.D. 

HMX  (mlz  355) 

8387 (528) 

237 (281) 

10169 (543) 

137(162) 

24724  (506) 

23690(1092) 

N.D. 

RDX  (mlz  281) 

9664 (473) 

871  (138) 

12853  (753) 

518(751) 

18872 (430) 

21635 (1073) 

N.D. 

MNX  (mlz  265) 

9444 (483) 

181  (243) 

5069  (101) 

4178 (376) 

28592  (202) 

35178  (372) 

N.D. 

TNX  ( mlz  233) 

1543  (338) 

9664  (453) 

18887  (491) 

851 (383) 

61764  (982) 

54970  (1923) 

N.D. 

A  previous  CE-UV  study  [28]  indicated  that  nitroaro- 
matic  and  cyclic  nitramine  explosives  associated  weakly 
with  SB-(3-CD,  and  it  is  unlikely  that  analyte-cyclodextrin 
complexes  would  be  stable  in  the  presence  of  acetonitrile 
sheath  fluid.  Nevertheless,  the  scan  ranges  were  extended 
with  limits  of  40-1000  mlz  to  detect  possible  noncovalent 
complexes  with  the  distribution  of  substituted  cyclodextrins 
observed  in  the  separation  buffer  mass  spectrum.  In  this 
case  the  expected  mlz  values  for  inclusion  complexes  [i.e. 
mlz  values  of  492.5  and  474  for  HMX  and  RDX  complexes 
respectively,  with  SB-|3-CD  (d.s.  =  4)]  were  not  observed. 
Attempts  to  observe  the  negative  ions  for  TNT  ([M]~  1 ; 
mlz  227),  RDX  ([M  +  NO2  —  H]_1;  mlz  267)  and  HMX 
([M  +  NOt  —  H]~';  mlz  341)  as  reported  by  Yinon  et  al.  [7] 
were  also  unsuccessful. 

A  separation  of  CL-20,  TNB,  TNT,  HMX,  and  RDX  an¬ 
alytical  standards  (10  mg/1,  hydrodynamic  injection  volume 
96  nl,  actual  analyte  mass  amount  96  pg)  in  lOmM  ammo¬ 
nium  acetate  is  shown  as  Fig.  2.  The  overall  capillary  length 
(L)  was  90  cm  and  the  effective  length  to  the  UV  window 
(1)  was  21.5  cm.  The  UV  trace  (230  nm)  revealed  the  elec- 
troosmotic  front  (EOF)  to  arrive  at  the  UV  detection  window 
after  2.5  min,  and  at  10.3  min  a  corresponding  dip  in  capil¬ 
lary  current  from  a  steady  state  value  of  23  |xA  signified  the 
passage  of  the  EOF  to  the  electrospray  ionization  (ESI)  inter¬ 
face.  Peaks  for  the  EOF  and  analytes  arrived  at  the  interface 
earlier  than  predicted  using  total  length/effective  length  ra¬ 
tios.  This  slight  increase  in  the  bulk  fluid  velocity  was  due  to 
the  entrainment  of  all  fluids  exiting  the  electrospray  needle 
by  the  nitrogen  drying  gas  which  flowed  at  7  l/min  (816  mbar 
and  150  °C).  The  capillary  internal  diameter  was  50  |xm  and 


the  corresponding  average  flow  rate  from  the  capillary  was 
0.17  p,l/min.  The  sheath  fluid  flow  rate  was  set  at  6  p,l/min, 
which  resulted  in  a  1/35  dilution  of  the  CE  flow  in  acetoni¬ 
trile  at  the  ESI  interface.  Under  these  conditions  the  total 
ion  current  decreased  from  5  x  105  counts  per  second  (cps) 
to  a  steady  state  value  of  2.6  x  105  cps  after  2  min.  Extracted 
adduct  or  molecular  ion  traces  with  corresponding  peak  mass 
spectra  (baseline  mass  spectra  subtracted)  for  CL-20,  TNB, 
TNT,  HMX,  and  RDX  are  respectively  indicated  for  mlz  val¬ 
ues  of  500,  230,  226,  355  and  281. 

3.2.  Sheath  flow  liquid  selection 

The  effect  of  sheath  fluid  choice  on  the  negative  elec¬ 
trospray  ionization  of  cyclic  nitramines  resolved  in  30  kV 
electrophoretic  separations  (10  mM  SB-p-CD/10  mM  am¬ 
monium  acetate  pH  6.9)  was  examined  using  the  polar  or¬ 
ganic  solvents  acetone,  acetonitrile,  2-propanol,  ethyl  acetate, 
ethanol,  methanol,  and  water.  The  analytes  in  question  (CL- 
20,  TNT,  TNB,  HMX,  RDX,  MNX,  TNX)  were  observed  to 
ionize  best  in  acetonitrile  and  acetone  (Table  2)  which  pos¬ 
sessed  the  highest  volatilities  and  lowest  viscosities  of  the 
selected  solvents  (Table  3).  Ethyl  acetate,  which  also  has  a 
high  volatility  and  relatively  low  viscosity,  apparently  was 
not  sufficiently  polar  to  maintain  analyte  solubility.  Gen¬ 
erally,  when  applying  negative  ionization  electrospray,  ion¬ 
ization  increases  with  sheath  liquid  volatility,  and  decreases 
with  respect  to  solvent  surface  tension  and  viscosity.  The  di¬ 
electric  constant  (polarity)  of  the  sheath  liquid  must  also  be 
sufficient  to  maintain  the  solubilization  of  analytes  follow¬ 
ing  droplet  separation  from  the  Taylor  cone  and  desolvation 


Table  3 

Physical  properties  of  selected  sheath  fluids  (20  °C)  [44] 


Sheath  fluid 

Vapour  pressure 
(Torr) 

Viscosity 

(cP) 

Surface  tension 
(dyn/cm) 

Density 

(g/mL) 

Polarity 

index 

Dipole  moment 
(Debye) 

Dielectric 

constant 

Isopropanol 

33 

2.3 

18.3 

0.785 

3.9 

1.66 

19.9 

Ethanol 

43.9 

1.2 

23.75 

0.9 

5.2 

1.69 

24.55 

Methanol 

97.7 

0.59 

22.55 

0.791 

5.1 

2.87 

32.7 

Ethyl  acetate 

73 

0.45 

23.75 

0.9 

4.4 

1.88 

6.02 

Acetone 

184.5 

0.32 

23.32 

0.79 

5.1 

2.69 

20.7a 

Acetonitrile 

88.8 

0.37 

19.1 

0.782 

5.8 

3.44 

37.5 

Water 

23.78 

1 

72.8 

0.997 

9 

1.84 

80.1 

25  °C. 
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Intensity  x  105  CE  current  (|jA) 


Intensity  x  104 


Intensity  x  104 


Intensity  x  104 


Fig.  2.  CE-MS  separation  (30  kV,  lOmM  acetate,  lOmM  Advasep  4)  with  mass  spectra  for  a  10  mg/1  injection  (10  s,  50mbar,  injection  volume  56  nlj  of  TNT, 
TNB,  RDX,  HMX  and  CL-20  (actual  mass  amount:  96 pg)  in  10 mM  acetate  pH  6.9.  CE-UV  trace  (230 nm)  as  indicated  by  broken  line.  Extract  ion  traces 
(m/z  values  226.  230,  281.  355,  and  500.  respectively)  indicated  by  solid  lines. 


C.A.  Groom  et  al.  /  J.  Chromatogr.  A  1072  (2005)  73-82 


79 


[41] .  The  aprotic  nature  of  acetone  and  acetonitrile  may  act 
to  enhance  acetate  adduct  formation  and  ionization  of  the 
cyclic  nitramines.  The  solubility  of  SB-|3-CD  in  the  sheath 
fluid  appears  to  have  little  effect  on  analyte  ionization,  as  ev¬ 
idenced  by  the  poor  performance  of  sheath  fluids  (methanol, 
ethanol,  and  water)  in  which  SB-(3-CD  is  known  to  be  soluble 

[42] .  The  various  sulfobutylether-(3-cyclodextrin  derivatives 
present  in  Advasep-4  are  sufficiently  soluble  in  acetonitrile  to 
permit  the  passage  of  intact  deprotonated  parent  ions  [SB„- 
uH]_"  to  the  mass  detector  (Fig.  1,  Table  1). 

3.3.  Effect  of  buffer  components  on  signal  intensity 

Figs.  3  and  4  respectively  represent  the  effects  of  ammo¬ 
nium  acetate  and  cyclodextrin  concentration  in  the  separation 
buffer  on  analyte  ionization.  Fig.  3  indicated  that  increases  in 
separation  buffer  acetate  concentration  decreased  the  ioniza¬ 
tion  of  nitroaromatic  explosives,  primarily  due  to  competition 
with  acetate  ions  at  the  electrospray  droplet  interface  as  indi¬ 
cated  by  the  increased  acetate  extracted  ion  intensities  (m/z 
59)  observed.  Ion  pairing  of  ammonium  with  [M  —  H]_1  ni¬ 
troaromatic  parent  anions  may  also  decrease  their  abundance 
in  the  electrospray.  The  signal  intensities  for  the  nitramine  ex¬ 
plosives  increased  with  acetate  concentrations  up  to  20  mM, 
and  indicated  that  increased  acetate  concentration  served  to 
enhance  the  formation  of  acetate  adducts  with  these  non¬ 
aromatic  compounds  at  the  electrospray  interface.  At  acetate 
concentrations  higher  than  20  mM  the  ionization  of  cyclic 
nitramines  gradually  decreased  in  the  same  manner  as  for  the 
aromatic  analytes.  This  trend  is  an  indication  that  once  adduct 
ion  formation  is  maximized,  the  passage  of  adduct  ions  to  the 
gas  phase  will  vary  as  a  function  of  their  mole  fraction  at  the 
electrospray  droplet  surface. 

As  indicated  in  Fig.  4,  three-fold  increases  in  signal  in¬ 
tensity  were  observed  for  the  nitroaromatic  compounds  TNT 


Fig.  3.  Peak  height  intensities  of  selected  analytes  as  a  function  of  ammo¬ 
nium  acetate  concentration.  All  other  conditions  as  in  Fig.  2.  Symbols:  (O) 
TNB,  (□)  TNT,  (0)  HMX,  (x)  RDX.  (Error  bar=l  standard  deviation, 
n  =  5.) 


Fig.  4.  Peak  height  intensities  of  selected  analytes  with  variation  in  cyclodex¬ 
trin  concentration.  All  other  conditions  as  in  Fig.  2.  Symbols:  (Q)  EOF,  (□) 
TNT,  (0)  TNB ,  ( x )  HMX,  (+)  RDX.  (Error  bar  =  1  standard  deviation,  n  =  5). 

and  TNB  when  the  cyclodextrin  concentration  was  increased 
from  2  to  5  mM.  Signal  intensities  for  HMX  and  RDX  were 
relatively  insensitive  to  increased  cyclodextrin  concentration 
in  the  range  of  0.5-10  mM.  The  increase  in  signal  observed 
for  the  aromatic  compounds  may  be  attributed  to  their  1000- 
fold  greater  volatility  in  comparison  with  HMX  and  RDX, 
as  any  improvement  in  the  resolution  of  nitroaromatic  com¬ 
pounds  will  be  amplified  by  greater  ionization  efficiency 
which  is  a  function  of  analyte  volatility. 

3.4.  Application  to  environmental  samples 

The  practicality  of  the  CE  method  for  the  analysis  of  real 
samples  was  examined  using  samples  analyzed  by  other  avail¬ 
able  methods  (HPLC-UV,  HPLC-MS,  GC-ECD).  Generally, 
the  extracted  molecular  ion  response  curves  for  quadrupole 
ion  trap  spectrometers  increase  hyperbolic  ally  with  ion 
concentration  and  saturate  to  a  constant  value  at  the  upper 
analyte  concentration  limit.  Consequently,  the  quantitative 
linear  dynamic  range  for  selected  quantification  standards 
using  the  CE-MS  method  was  narrow;  varying  between 
10  mg/1  and  the  instrumental  quantification  limit  (0.05  mg/1). 
The  observed  instrumental  limits  of  detection  and  quantifica¬ 
tion  for  the  CE-MS  method  and  for  the  validated  HPLC-UV 
reference  method  (EPA  8330)  are  compared  in  Table  4. 
Triple  quadrupole  and  time  of  flight  mass  detectors  are  rec¬ 
ognized  to  have  greater  dynamic  ranges  in  comparison  with 
ion  traps,  and  to  be  more  suitable  for  quantification,  but  the 
multiple  MS  (MS")  capability  of  the  latter  instmments  facil¬ 
itates  degradative  product  indentification  [43].  However,  the 
dominant  factor  in  MS  detector  selection  is  often  availability. 

A  CE-MS  electropherogram  for  the  extract  (acetonitrile 
sonication)  of  explosive  contaminated  marine  sediment  is 
shown  as  Fig.  5.  An  extracted  ion  trace  at  m/z  181  revealed 
peaks  observed  at  15.2  and  16.3  min,  and  were  respectively 
attributed  to  the  deprotonated  parent  ions  ([M  —  H]  “ 1 )  of  2,6- 
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Table  4 

Instrumental  detection  limits  (IDL)a  and  instrumental  quantification  limits 
(IQL)b  for  selected  reference  standards  with  cyclodextrin  assisted  CE-MS 
and  with  Cis  HPLC-UV  (Method  8330) 


Method 

CL-20 

TNT 

TNB 

HMX 

RDX 

TNX 

MNX 

IDL  (mg/1) 

CE-MS 

0.50 

0.025 

0.025 

0.025 

0.025 

0.025 

0.025 

HPLC-UV 

0.005 

0.003 

0.002 

0.011 

0.008 

0.005 

0.005 

IQL  (mg/1) 

CE-MS 

5 

0.05 

0.05 

0.05 

0.05 

0.05 

0.05 

HPLC-UV 

0.010 

0.013 

0.007 

0.006 

0.028 

0.050 

0.050 

11  The  minimum  concentration  applied  at  which  peak  height  was  distin¬ 
guished  as  greater  than  three  times  the  baseline  variation  (n  >  5). 

b  The  minimum  concentration  applied  at  which  the  standard  error  of  the 
mean  was  less  than  5%  (n  >  5). 


dinitrotoluene  (2,6-DNT)  and  2,4-dinitrotoluene  (2,4-DNT). 
The  Cis  HPLC-UV  analysis  of  this  extract  also  indicated 
the  presence  of  2,6-DNT  and  2,4-DNT,  but  with  incomplete 
resolution  of  the  two  compounds,  possibly  due  to  matrix 
components.  Analysis  of  the  extract  using  GC-ECD  iden¬ 
tified  2,4-DNT  and  2,6-DNT  at  concentrations  of  0.716  and 
0.095  mg/kg.  The  CE-MS  method  therefore  conformed  to  the 
other  available  methods  for  the  identification  of  explosives 
and  their  degradation  products. 

Fig.  6  shows  the  electropherogram  for  an  extract  of 
contaminated  soil  obtained  from  an  ammunition  man¬ 
ufacturing  site.  HPLC-UV  analysis  revealed  that  this 
extract  contained  34  mg/1  of  TNX  (hexahydro-1,3,5- 
trinitroso-l,3,5-triazine)  as  confirmed  using  a  reference 
standard,  and  quantities  of  tetranitroso-HMX  (4NO- 
HMX;  octahydro-l,3,5,7-tetranitroso-l,3,5,7-tetrazacene), 
and  trinitroso-HMX  (3NO-HMX;  octahydro-l-nitro-3,5,7- 
trinitroso-l,3,5,7-tetrazacene),  compounds  for  which  no 
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Fig.  5.  Extracted  ion  electropherograms  and  mass  spectra  for  2,6-dinitrotoluene  and  2,4-dinitrotoluene  obtained  from  acetonitrile  extract  injections  (10  s, 
50mbar)  of  contaminated  marine  sediment. 
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Fig.  6.  Extracted  ion  electropherograms  for  hexahydro-l,3,5-trinitioso-l,3,5-triazine  (TNX),  octahydro-l,3,5-trinitroso-7-nitro-l,3,5,7-tetrazocine  (3NO- 
HMX),  octahydro-l,3,5,7-tetranitroso-l,3,5.7-tetrazocine  (4NO-HMX)  obtained  from  acetonitrile  extracts  of  soil  from  an  explosive  manufacturing  site. 


commercial  analytical  standards  were  available.  The  elec- 
tropherogram  for  this  sample  has  peaks  for  extracted  ions 
with  mass  to  charge  ratios  of  233  (TNX,  acetate  adduct), 
291  (4NO-HMX,  acetate  adduct),  307  (3NO-HMX,  ac¬ 
etate  adduct).  A  peak  observed  at  6.7  min  (m/z  171)  was 
initially  hypothesized  to  be  a  diacetyl  sodium  adduct  ion 
of  formaldehyde  [HCH0  +  2(CH3C02)  +  Na]-1.  Diacetyl 
sodium  adduct  ions  [2(CH3C02)  +  Na]-1  (m/z  141.1)  are  uni¬ 
formly  observed  in  the  electrospray  background  spectrum 
(Fig.  1,  Table  1)  and  formaldhyde  is  a  recognized  degrada¬ 
tion  product  of  cyclic  nitramines,  including  RDX  and  HMX 
[18].  However,  no  mass  signals  at  m/z  171  were  observed 
for  injections  of  formaldehyde  analytical  standards.  Further 
study  using  15N-labeled  HMX,  purified  4NO-HMX,  and  the 
quadrupole’s  MS-MS  capability  will  better  serve  to  define 
the  identity  of  this  degradation  product. 

4.  Conclusion 

A  sulfobutylether-|3-cyclodextrin  assisted  capillary 
electrophoresis  system  was  applied  in  conjunction  with 


a  quadrupole  ion-trap  mass  spectrometrometer  for  the 
identification  of  contaminant  nitroaromatic  and  cyclic 
nitramine  explosives  and  their  degradation  products.  The 
work  demonstrates  the  use  of  cyclodextrin  dependent 
CE-MS  for  the  analysis  of  explosives  in  environmental 
samples,  and  offers  potential  for  the  identification  of  highly 
polar  or  charged  degradation  products. 
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Abstract 

Aims:  To  determine  the  biodegradation  of  cyclic  nitramines  by  an  anaerobic 
marine  bacterium,  Clostridium  sp.  EDB2,  in  the  presence  of  Fe(III),  humic 
acids  (HA)  and  anthraquinone-2, 6-disulfonate  (AQDS). 

Methods  and  Results:  An  obligate  anaerobic  bacterium,  Clostridium  sp.  EDB2, 
degraded  RDX  and  HMX,  and  produced  similar  product  distribution  including 
nitrite,  methylenedinitramine,  nitrous  oxide,  ammonium,  formaldehyde,  formic 
acid  and  carbon  dioxide.  Carbon  (C)  and  nitrogen  (N)  mass  balance  for  RDX 
products  were  87%  and  82%,  respectively,  and  for  HMX  were  88%  and  74%, 
respectively.  Bacterial  growth  and  biodegradation  of  RDX  and  HMX  were 
stimulated  in  the  presence  of  Fe(III),  HA  and  AQDS  suggesting  that  strain 
EDB2  utilized  Fe(III),  HA  and  AQDS  as  redox  mediators  to  transfer  electrons 
to  cyclic  nitramines. 

Conclusions:  Strain  EDB2  demonstrated  a  multidimensional  approach  to 
degrade  RDX  and  HMX:  first,  direct  degradation  of  the  chemicals;  second, 
indirect  degradation  by  reducing  Fe(UI)  to  produce  reactive-Fe(II);  third,  indi¬ 
rect  degradation  by  reducing  HA  and  AQDS  which  act  as  electron  shuttles  to 
transfer  electrons  to  the  cyclic  nitramines. 

Significance  and  Impact  of  the  Study:  The  present  study  could  be  helpful  in 
determining  the  fate  of  cyclic  nitramine  energetic  chemicals  in  the  environ¬ 
ments  rich  in  Fe(III)  and  HA. 


Introduction 

Environmental  contamination  of  soil,  sediments  and 
groundwater,  with  RDX  (hexahydro-l,3,5-trinitro-l,3,5- 
triazine)  and  HMX  (octahydro-1, 3,5, 7-tetranitro-l, 3,5,7- 
tetrazocine),  is  a  worldwide  problem.  The  Departments  of 
Defense  (DoD)  and  Energy  (DoE),  USA,  alone  have  over 
21  000  contaminated  sites  and  most  of  them  are  contam¬ 
inated  with  explosives  (Talley  and  Sleeper  1997).  The 
Department  of  Defense  Canada  has  an  estimated  103 
training  sites  and  three  open  burning/open  detonation 
(OB/OD)  sites  which  are  potentially  contaminated  with 
RDX,  HMX  and  2,4,6-trinitrotoluene  (TNT)  (Thiboutot 
et  al.  1998).  There  are  countless  number  of  explosives- 
contaminated  sites  around  the  world  which  remain  classi¬ 
fied  and  statistically  not  available.  Several  reports  have 


confirmed  that  RDX  and  HMX  are  toxic,  and  cause 
adverse  effects  on  biological  systems,  environment  and 
human  health  (Levine  et  al.  1990;  Yinon  1990;  Talmage 
et  al.  1999;  Gong  et  al.  2002;  Kucukardali  et  al.  2003; 
Hoek  2004).  United  States  Environmental  Protection 
Agency  (USEPA)  has  recommended  a  lifetime  health 
advisory  for  RDX  (Etnier  and  Hartley  1990)  and  HMX 
(McLellan  et  al.  1988).  Consequently,  the  cleanup  of 
explosive(s)-contaminated  sites  is  a  matter  of  growing 
concern  among  environmental  protection  groups. 

Bioremediation  of  cyclic  nitramines  such  as  RDX  and 
HMX,  with  very  little  water  solubility  of  40-0  and 
6-6  mg  U1,  respectively  (Groom  et  al.  2003),  has  always 
been  a  challenging  task.  Microbial  degradation  and  aug¬ 
mentation  of  natural  attenuation  are  the  most  reliable 
cost-effective  methods  for  in  situ  remediation.  Previous 
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reports  have  mainly  highlighted  the  role  of  zero -valent 
iron,  Fe(0),  in  augmenting  the  biodegradation  of  RDX 
(Scherer  ef  al.  2000;  Oh  ef  al.  2001;  Wildman  and  Alvarez 
2001);  however,  no  literature  is  available  on  the  use  of 
Fe(III),  HA  and/or  AQDS,  frequently  encountered  in  the 
environment,  in  accelerating  biodegradation  of  cyclic 
nitramines. 

In  marine  and  freshwater  environments,  Fe(II)-miner- 
als  and  humic  substances  have  been  shown  to  accelerate 
abiotic  transformation  of  organic  pollutants  (Schwarzen- 
bach  et  al.  1990;  Curtis  and  Reinhard  1994).  In  our 
previous  studies,  we  found  that  Halifax  sediments,  col¬ 
lected  from  a  shipwreck  site  near  Halifax  harbour  in 
Canada,  contained  a  high  amount  of  insoluble  iron 
mainly  Fe(III)  and  Fe(II)  (40  g  kg-1  sediment)  as  deter¬ 
mined  with  X-ray  photo-spectroscopy,  and  a  significant 
amount  of  organic  carbon  content  (16gkg_1  sediment) 
(Bhushan  et  al.  2004;  Zhao  et  al.  2004a).  In  the  present 
study,  we  explored  the  possibility  of  whether  micro- 
bially  reduced  iron  minerals,  humic  acids  (HA)  and  its 
analogue  anthraquinone-2,6-disulphonate  (AQDS)  can 
help  enhance  biodegradation  of  RDX  and  HMX. 
Enhanced  degradation  under  laboratory  conditions  may 
help  understand  and  thus  strategies  can  be  devised  to 
accelerate  the  natural  attenuation  of  these  chemicals  in 
marine  and  estuarine  environments. 

Materials  and  methods 

Chemicals 

Commercial  grade  RDX,  HMX  (chemical  purity  >99% 
for  both  explosives),  [UL-14C]RDX  (chemical  purity 
>98%,  radiochemical  purity  97%  and  specific  radio¬ 
activity  28-7  /(Ci  mmol-1)  and  [UL-14C]HMX  (chemical 
purity  >94%,  radiochemical  purity  91%  and  specific 
radioactivity  101-0  /(Ci  mmoF1)  were  provided  by  the 
Defense  Research  and  Development  Canada  (DRDC), 
Valcartier,  Quebec.  Hexahydro-l-nitroso-3,5-dinitro-l,3, 
5-triazine  (MNX)  and  4-nitro-2,4-diazabutanal  (NDAB) 
were  obtained  from  SRI  International  (Menlo  Park,  CA). 
Hexahydro-1, 3, 5-trinitroso-l, 3, 5-triazine  (TNX)  was  syn¬ 
thesized  according  to  the  method  described  by  Brockman 
et  al.  (1949).  Methylenedinitramine  (MEDINA)  was 
obtained  from  the  Rare  Chemical  Department  of  Aldrich, 
Oakville,  Ontario,  Canada. 

Ferrozine,  Fe203  (hematite),  a-FeOOH  (goethite), 
anthraquinone-2, 6-disulfonate  (AQDS),  HCHO,  HCOOH 
and  NADH  were  purchased  from  Sigma  Chemicals, 
Canada.  Humic  acid  (HA),  purchased  from  Aldrich, 
Oakville,  Ontario,  Canada,  was  washed  with  deionized 
water  three  times  to  remove  soluble  impurities.  Nitrous 
oxide  (N20)  was  purchased  from  Scott  Specialty  Gases, 


Sarnia,  Ontario,  Canada.  All  other  chemicals  were  of 
highest  purity  grade. 

Media  composition 

Medium  Ml  was  composed  of  (per  litre):  peptone  8  g, 
yeast  extract  4  g,  NaCl  10  g  and  glucose  6  g.  Medium  M2 
was  composed  of  (per  litre):  NaCl  10-0  g,  NaHC03  2-5  g, 
NaH2P04  0-6  g,  KC1  0-2  g  and  NH4C1  0-5  g.  Ingredients 
were  mixed  in  hot  water  and  pH  was  adjusted  to  7-0  with 
1  N  NaOH.  One  litre  of  M2  medium  was  bubbled  with 
N2  :  C02  (80  :  20)  for  45  min.  After  autoclaving  at  121°C 
for  20  min,  we  added  filter- sterilized  solutions  of  glucose 
4-5  g,  peptone  1-0  g,  trace  elements  10  ml  and  vitamin 
mixture  10  ml.  The  composition  of  trace  elements  and 
vitamin  mixture  were  the  same  as  reported  (Lovley  et  al. 
1984).  For  making  solid  agar  slants  or  plates  of  medium 
Ml  or  M2,  1-8%  (w/v)  agar  powder  (Difco)  was  added  to 
the  respective  medium. 

Reduction  of  Fe(III)  and  AQDS  by  growing  culture  and 
resting  cells  of  strain  EDB2 

Strain  EDB2,  isolated  from  a  marine  sediment  in  our 
previous  study  (Bhushan  et  al.  2004),  was  grown  in  med¬ 
ium  M2  containing  either  50  mmol  l-1  Fe(III)-citrate  or 
TO  mmol  1_1  AQDS  under  anaerobic  conditions.  Bacterial 
growth  was  determined  in  terms  of  total  cell  count  fol¬ 
lowing  staining  with  0-01%  acridine  orange  as  described 
previously  (Hobbie  et  al.  1977)  by  using  an  epifluorescent 
microscope  (Leitz  Wetzlar,  Germany).  For  Fe(III)  and 
AQDS  reduction  assay,  cells  (10  mg  wet  biomass/ml) 
were  incubated  with  either  10  mmol  l-1  Fe(III)-citrate  or 
1  mmol  P1  AQDS  in  the  presence  of  NADH.  The  reduc¬ 
tion  of  AQDS  to  AH2QDS  was  measured  at  A45onm 
(Lovley  et  al.  1996),  whereas  reduction  of  Fe(III)  to  Fe(II) 
was  determined  by  Ferrozine  method  (Stookey  1970). 

Biotransformation  assays 

Biotransformation  assays  were  performed  in  6-ml  air¬ 
tight  glass  vials  under  strict  anaerobic  conditions  by 
purging  the  aqueous  phase  and  the  head  space  with 
argon  for  20  min.  Each  assay  vial  contained,  in  1  ml  of 
assay  mixture,  either  RDX  (50  /(mol  l-1)  or  HMX 
(30  /(mol  1_1),  NADH  (150  /(mol  1_1),  resting  cells  pre¬ 
paration  (5  mg  wet  biomass/ml)  and  potassium  phos¬ 
phate  buffer  (50  mmol  l-1,  pH  7-0).  Reactions  were 
performed  at  30°C.  Three  different  controls  were  pre¬ 
pared  by  omitting  either  resting  cells,  NADH  or  both 
from  the  assay  mixture.  Residual  NADH  was  measured 
as  described  before  (Bhushan  et  al.  2003).  Samples  from 
the  liquid  and  the  gas  phase  in  the  vials  were  analysed 
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(described  below)  for  the  residual  compound  and  its 
products. 

Effect  of  Fe(III),  HA  and  AQDS  on  bacterial  growth  and 
biodegradation  of  cyclic  nitramines 

Variable  concentrations  of  Fe(III)  (10-40  mmol  l-1),  HA 
(0- 1—2-0  mg  ml-1)  and  AQDS  (0- 1—2-0  mmol  l-1)  were 
added  separately  to  the  medium  Ml  containing  either 
RDX  (150  /imol  l-1)  or  HMX  (55  /(mol  l-1)  in  serum 
bottles.  After  inoculation  of  the  medium  with  strain 
EDB2,  the  disappearance  of  RDX  and  HMX  was  followed 
over  time  with  HPEC.  Microbial  reduction  of  AQDS  to 
AH2QDS  was  marked  by  the  gradual  appearance  of 
orange  colour  that  was  measured  at  A450nm  (Eovley  et  al. 
1996),  whereas  bacterial  growth  was  measured  by  direct 
cell  counts  as  described  above.  Reduction  of  Fe(III)  was 
estimated  by  Ferrozine  method  (Stookey  1970).  Data  were 
compared  with  a  parallel  control  experiment  with  strain 
EDB2  but  without  any  of  the  Fe(III),  HA  or  AQDS. 
Parallel  abiotic  (without  strain  EDB2)  control  experi¬ 
ments  with  Fe(UI),  HA  or  AQDS  were  also  performed  to 
account  for  the  abiotic  degradation  of  RDX  and  HMX. 

Effect  of  Fe(III),  HA  and  AQDS  on  mineralization  of 
radio-labelled  cyclic  nitramines 

Mineralization  experiments  were  performed  under  anaer¬ 
obic  conditions  in  20-ml  glass  vials  sealed  with  Teflon- 
coated  butyl  rubber  stopper  under  an  atmosphere  of 
nitrogen.  Microcosms  were  prepared  in  5-0  ml  of  medium 
Ml  containing  Fe(III),  HA  or  AQDS  at  a  concentration 
of  25  mmol  l-1,  1  mg  ml-1  or  1-0  mmol  l-1,  respectively, 
and  inoculated  with  1  ml  of  bacterial  culture  (approxi¬ 
mately  2  X  108  cells  ml-1).  Radio-labelled  [UL-14C]RDX 
(33 /(g  ml-1  medium  equivalent  to  50118  dpm)  or 
[UL-14C]HMX  (16  /(g  ml-1  medium  equivalent  to 
54310  dpm)  was  added  to  the  microcosms  through  the 
rubber  septum.  A  glass  tube,  placed  inside  the  micro¬ 
cosm,  containing  0-5  ml  of  0-5  mol  l-1  KOH  was  used  as 
14C02  trap.  Corresponding  abiotic  controls  (without  bac¬ 
terial  culture)  were  also  prepared.  Evolution  of  14C02  was 
determined  in  terms  of  dpm  counts  in  KOH  solution 
using  a  liquid  scintillation  counter  (Packard,  Tri-Carb 
4530,  model  2100  TR,  Packard  Instruments  Company, 
Meriden,  CT). 

Abiotic  degradation  of  cyclic  nitramines  by  microbially 
reduced  HA,  AH2QDS  and  iron  minerals 

Reduced  HA  was  prepared  by  growing  EDB2  cells  in 
medium  Ml,  containing  HA  (1  mg  ml-1),  for  4  days  at 
30°C  under  anaerobic  conditions  (N2  :  CQ2;  80  :  20). 


After  stationary  growth  phase,  HgCl2  (2-5  mmol  l-1)  was 
added  to  the  medium  to  kill  the  bacterial  cells.  The  black 
precipitate  thus  obtained  was  allowed  to  settle  at  the  bot¬ 
tom,  liquid  phase  was  removed  aseptically  from  the  top 
using  a  syringe.  The  precipitate  was  dried  under  argon 
atmosphere  and  used  for  determining  its  reactivity  against 
RDX  and  HMX  (see  below). 

AH2QDS  was  produced  by  microbial  reduction  of 
AQDS.  Strain  EDB2  was  grown  in  medium  Ml  supple¬ 
mented  with  1  mmol  l-1  AQDS.  Production  of  AH2QDS 
was  followed  at  A450nm  until  the  stationary  phase  (~OD 
0-97)  was  obtained.  Bacterial  cells  were  removed  by  filtra¬ 
tion  through  sterile  0-22-/im  pore  filter  (Millipore, 
Bedford,  MA),  and  the  sterile  AH2QDS  thus  obtained, 
was  stored  under  anaerobic  conditions  (argon  atmo¬ 
sphere).  RDX  (20  /(mol  l-1)  or  HMX  (20  /(mol  l-1)  was 
incubated  with  1  ml  of  AH2QDS  under  anaerobic  condi¬ 
tions  at  30°C  for  different  time  intervals.  Residual  cyclic 
nitramine  was  measured  with  HPLC  (described  below). 

Reduced  biogenic  iron  minerals  were  prepared  by  add¬ 
ing  either  soluble-  (i.e.,  ferric-citrate)  or  insoluble-  (i.e., 
hematite  or  goethite)  Fe(III)  to  the  medium  M2  at  a  con¬ 
centration  of  50  mmol  l-1.  Generation  of  Fe(II)  was  fol¬ 
lowed  over  time  as  a  function  of  growth  of  strain  EDB2. 
The  Fe(II)  was  estimated  by  the  Ferrozine  method 
(Stookey  1970)  following  extraction  with  0-5  N  HC1.  For 
X-ray  diffraction  (XRD)  analysis  of  reduced  iron,  cells  were 
grown  in  medium  M2  supplemented  with  100  mmol  l-1 
ferric  citrate  for  4  days  at  30°C  under  anaerobic  (N2  : 
C02;  80  :  20)  and  stationary  conditions.  Iron(III)  was 
completely  reduced  to  dark  brown  precipitates  settled  at 
the  bottom.  The  liquid  phase  was  removed  with  sterile 
syringe  by  piercing  through  the  septum.  The  reduced  iron 
precipitate  thus  obtained  was  dried  under  argon  atmo¬ 
sphere  and  stored  under  argon  until  analysed.  XRD-phase 
analyses  were  performed  and  analysed  by  CAMET  Research 
Inc.,  Goleta,  CA.  The  dried  iron  precipitate  samples  were 
grounded  in  agate  mortar  prior  to  probing  in  a  wide  angle 
powder  diffractometer  using  Cu  Ka  radiation  (8T  keV) 
with  a  diffracted  beam  monochromator. 

Siderite  (FeC03),  obtained  by  strain  EDB2-mediated 
reduction  of  Fe(III)-citrate,  and  the  black  precipitate  of 
reduced  iron  mineral,  obtained  by  bacterial  reduction 
of  goethite  (a-FeOOH),  were  prepared  as  described 
above  except  that  HgCl2  (2-5  mmol  l-1)  was  added  to 
the  medium  to  kill  the  bacterial  cells  before  isolating 
the  reduced  precipitate.  Reactions  of  reduced  sub¬ 
strates  (i.e.,  HA  or  iron,  each  1  mg  ml-1)  with  RDX 
(20  /(mol  l-1)  or  HMX  (20  /(mol  l-1)  were  conducted 
in  PBS  (50  mmol  l-1,  pH  7-0)  at  30°C  under  anaerobic 
conditions  with  argon  in  headspace.  The  procedure  and 
conditions  were  same  as  described  above  for  biotrans¬ 
formation  assays. 
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Analytical  procedures 

RDX,  HMX  and  their  degradation  products  such  as 
nitroso  intermediates,  methylenedinitramine,  NO)",  NH4, 
HCHO,  HCOOH  and  N20  were  analysed  with  LC-UV, 
LC-MS  or  GC  as  previously  reported  (Hawari  et  al.  2001; 
Halasz  et  al.  2002). 

Results 

Biodegradation  of  cyclic  nitramines  by  strain  EDB2 

An  obligate  anaerobic  bacterium  Clostridium  strain 
EDB2  was  isolated  from  a  marine  sediment  which  dem¬ 
onstrated  chemotaxis  response  towards  RDX  and  HMX 
and  degraded  both  energetic  chemicals  (Bhushan  et  al. 
2004).  In  the  present  study,  a  time  course  with  intact 
resting  cells  showed  that  the  disappearance  of  both 
RDX  and  HMX  was  accompanied  by  the  concomitant 
release  of  nitrite,  nitrous  oxide  and  HCHO  (Fig.  la,b). 
After  4  h  of  reaction,  each  reacted  RDX  molecule  con¬ 
sumed  0-9  ±04  (mean  +  SD;  n  =  3)  NADH  molecule, 
and  produced  0-7  molecules  of  nitrite,  0-2  molecules  of 
MEDINA,  1-4  molecules  of  nitrous  oxide,  0-6  molecules 
of  ammonium,  1-8  molecules  of  formaldehyde  and  0-6 


Figure  1  Time  course  of  biotransformation  of  RDX  (a)  and  HMX  (b) 
by  intact  resting  cells  of  strain  EDB2  using  NADH  as  electron  donor  at 
pH  7-0  and  30°C.  Symbols  for  both  figures,  RDX  or  HMX  (•),  nitrite 
(O),  nitrous  oxide  (▼)  and  formaldehyde  (V).  Data  are  mean  ±  SD 
(n  =  3).  Some  error  bars  are  not  visible  because  of  their  small  size. 


molecule  of  formic  acid  (Table  1).  Of  the  total  three 
carbons  in  each  RDX  molecule,  2-4  were  recovered  as 
formaldehyde  and  formic  acid;  whereas  of  the  total  six 
nitrogen  atoms  in  each  RDX  molecule,  4T  were  recov¬ 
ered  as  nitrite,  nitrous  oxide  and  ammonium.  The  total 
carbon  and  nitrogen  mass  balance  were  determined  as 
87%  and  82%,  respectively  (Table  1). 

On  the  other  hand,  each  reacted  HMX  molecule  con¬ 
sumed  IT  ±  0T  (mean  ±  SD;  n  =  3)  NADH  molecule, 
and  produced  0-8  molecules  of  nitrite,  0T  molecules  of 
MEDINA,  1-7  molecules  of  nitrous  oxide,  1-3  molecules  of 
ammonium,  2-6  molecules  of  formaldehyde  and  0-8  mole¬ 
cules  of  formic  acid  (Table  1).  Of  the  total  four  carbons  in 
each  HMX  molecule,  3-4  were  recovered  as  formaldehyde 
and  formic  acid,  whereas  of  the  total  eight  nitrogen  atoms, 
5-5  were  recovered  as  nitrite,  nitrous  oxide  and  ammo¬ 
nium.  The  carbon  and  nitrogen  mass  balance  were  deter¬ 
mined  as  88%  and  74%,  respectively  (Table  1). 

In  addition  to  the  above  products,  we  also  detected 
traces  of  nitroso  intermediates  from  RDX  such  as  MNX, 
hexahydro-l,3-dinitroso-5-nitro-l,3,5-triazine  (DNX)  and 
hexahydro-l,3,5-trinitroso-l,3,5-triazine  (TNX),  whereas 
HMX  produced  a  trace  amount  of  mononitroso-inter- 
mediate,  octahydro-l-nitroso-3,5,7-trinitro-l,3,5,7-tetra- 
zocine.  None  of  the  nitroso-intermediates  from  either 
RDX  or  HMX  persisted  and  disappeared  after  the  com¬ 
plete  removal  of  RDX  or  HMX  from  the  medium. 

Effect  of  Fe(III),  HA  and  AQDS  on  bacterial  growth  and 
biodegradation  of  cyclic  nitramines 

When  strain  EDB2  was  grown  in  medium  M2  under 
anaerobic  conditions  in  the  presence  of  either  Fe(IlI), 
AQDS  or  HA,  all  three  chemicals  stimulated  bacterial 
growth  compared  to  the  control  (Fig.  2).  Furthermore, 
we  found  that  intact  resting  cells  of  strain  EDB2  reduced 
Fe(III)  citrate  and  AQDS  using  NADH  as  an  electron 
donor  (data  not  shown). 

In  growing  culture,  HA  (1  mg  ml-1),  AQDS 
(1  mmol  l-1)  and  Fe(III)  (25  mmol  l-1)  enhanced  the  bio¬ 
transformation  of  RDX  in  medium  Ml  compared  to  the 
control  (Fig.  3a).  We  found  that  RDX  (150  /(mol  l-1)  was 
completely  removed  in  5  days  in  the  presence  of  HA,  and 
in  8  days  in  the  presence  of  either  Fe(III)  or  AQDS,  as 
compared  to  10  days  in  the  absence  of  these  chemicals 
(Fig.  3a).  On  the  other  hand,  mineralization  of  RDX  was 
higher  in  the  presence  of  either  HA,  AQDS  or  Fe(III)  as 
compared  to  that  in  the  absence  of  these  chemicals 
(Fig.  3b).  Of  the  initial  150  /(mol  l-1  of  [UF-14C]RDX, 
about  54-60  /tmol  l-1  was  mineralized  to  14C02  in  the 
presence  of  either  HA,  AQDS  or  Fe(III)  compared  to 
the  control  without  these  chemicals  which  showed 
42  /(mol  l-1  mineralization  (Fig.  3b). 
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Table  1  Product  stoichiometry  and  mass  balance  determined  after  4  and  5  h  reaction  of  strain  EDB2  with  RDX  and  HMX,  respectively 


Reactant/ 

product 

RDX 

HMX 

Amount 

(nmol) 

Molar  ratio  of  products 
per  reacted  RDX  molecule 

%  Nitrogen 
recovery 

%  Carbon 

recovery 

Amount 

(nmol) 

Molar  ratio  of  products 
per  reacted  HMX  molecule 

%  Nitrogen 
recovery 

%  Carbon 

recovery 

1.  RDX/HMX 

SO 

10 

100 

100 

30 

1-0 

100 

100 

2.  Nitrite 

35 

0-7 

11-7 

NA 

25 

0-8 

10-0 

NA 

3.  MEDINA* 

10 

0-2 

13-3 

6-7 

3 

0-1 

5-0 

2-5 

4.  Nitrous  oxide 

70 

1-4 

46-7 

NA 

52 

1-7 

42-5 

NA 

S.  Ammonium 

30 

0-6 

10-0 

NA 

39 

1-3 

16-3 

NA 

6.  Formaldehyde 

91 

1-8 

NA 

600 

78 

2-6 

NA 

65-0 

7.  Formic  acid 

30 

0-6 

NA 

200 

23 

0-8 

NA 

20-0 

Total  mass  balance 

81-7 

86-7 

73-8 

87-5 

NA,  not  applicable. 
*Methylenedinitramine. 


Time  (day) 


Figure  2  Growth  of  strain  EDB2  in  medium  M2  in  the  presence  of 
Fe(lll)  citrate  (V),  AQDS  (O),  humic  acids  (▼)  and  control  without  any 
of  these  chemical  (•)  at  pH  7-0  and  30°C  under  anaerobic  conditions. 
Data  are  mean  ±  SD  (n  =  2).  Some  error  bars  are  not  visible  because 
of  their  small  size. 

On  the  other  hand,  addition  of  either  Fe(III),  HA  or 
AQDS  to  medium  Ml  enhanced  biotransformation  of 
HMX  at  various  levels  (Fig.  4a).  In  the  presence  of 
Fe(III),  HMX  (55  /rmol  l-1)  was  completely  removed 
from  the  growth  medium  within  5  days  of  incubation 
compared  to  the  control  which  took  11  days  to  degrade 
the  chemical  (Fig.  4a).  Mineralization  of  HMX  was  also 
enhanced  in  the  presence  of  either  Fe(III),  HA  or  AQDS 
(Fig.  4b).  Of  the  initial  55  /(mol  l-1  of  [UL-14C]HMX, 
about  12  /(mol  l-1  was  mineralized  to  14C02  in  the  pres¬ 
ence  of  Fe(III)  compared  to  the  control  without  Fe(III) 
which  showed  only  2-8  /(mol  1_1  of  mineralization  after 
45  days  of  incubation  (Fig.  4b).  Abiotic  controls  contain¬ 
ing  either  Fe(III),  HA  or  AQDS  did  not  react  with  either 
RDX  or  HMX  in  the  absence  of  strain  EDB2. 


Time  (day) 


Figure  3  Biotransformation  (a)  and  mineralization  (b)  of  RDX  by 
growing  culture  of  strain  EDB2  in  medium  Ml  in  the  presence  of 
Fe(lll)  citrate  (V),  humic  acids  (T),  AQDS  (O)  and  medium  without 
additive  (•).  Abiotic  controls,  iron  (■),  humic  acids  (□),  AQDS  (♦) 
and  medium  without  additive  (O).  Data  are  mean  ±  SD  (n  =  2). 
Some  error  bars  are  not  visible  because  of  their  small  size. 
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Figure  4  Biotransformation  (a)  and  mineralization  (b)  of  HMX  by 
growing  culture  of  strain  EDB2  in  medium  Ml  in  the  presence  of 
Fe(lll)  citrate  (V),  humic  acids  (Y),  AQDS  (O)  and  medium  without 
additive  (•).  Abiotic  controls,  iron  (■),  humic  acids  (□),  AQDS  (+) 
and  medium  without  additive  (<>).  Data  are  mean  ±  SD  (n  =  2). 
Some  error  bars  are  not  visible  because  of  their  small  size. 

Degradation  of  cyclic  nitramines  by  microbially  reduced 
HA,  AH2QDS  and  iron  minerals 

Strain  EDB2  reduced  AQDS  to  AH2QDS  as  a  function  of 
its  growth.  At  stationary  growth  phase  (after  4  days)  all 
of  the  AQDS  (1  mmol  l-1)  was  converted  to  AH2QDS 
with  OD450nm  0-97  (Fig.  5).  We  found  that  cell-free 
AH2QDS  transformed  RDX  and  HMX  at  rates  of 
0-5  ±  0-05  and  0-3  ±  0-02  nmol  IT1  /imol  AH2QDS-1 
(Table  2).  On  the  other  hand,  cell-free  reduced  HA  also 
transformed  RDX  and  HMX  at  rates  of  0-7  +  0T  and 
0-2  ±  0-02  nmol  h-1  mg  dry  HA-1  (Table  2). 

To  understand  why  the  presence  of  Fe(III)  enhanced 
biodegradation,  we  prepared  cell-free  precipitate  of 
microbially  reduced  iron  and  determined  its  reactivity 
towards  RDX  and  HMX  (see  experimental  section).  X-ray 
diffraction  analysis  showed  that  the  reduced  iron  precipi¬ 
tate  was  of  biogenic  siderite  (FeCQ3).  The  latter,  abioti- 


1-2 

1-0  'l 

8 
in 

08  S 

0-6  q 

O 
0-4 

< 
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00 
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Figure  5  Reduction  of  AQDS  to  AH2QDS  (■)  in  medium  Ml  by  the 
growing  culture  of  strain  EDB2  (•).  Data  are  mean  ±  SD  (n  =  3). 
Some  error  bars  are  not  visible  because  of  their  small  size. 


Table  2  Abiotic  degradation  of  RDX  and  HMX  by  microbially  reduced 
iron,  humic  acids  and  AH2QDS 


Microbially  reduced 
chemical 

Rate  of  degradation  [nmol  h  1 
(mg  reduced  chemical)'1] 

RDX 

HMX 

1.  Siderite 

0-5  ±  0-1 

0-4  ±  0-04 

2.  Goethite 

0-3  ±  0-05 

0-2  ±  0  02 

3.  Hematite 

0-4  ±  0-1 

0-1  ±  001 

4.  Humic  acids 

0-7  ±  0-1 

0-2  ±  0  02 

5.  AH2QDS* 

0-5  ±  0-05 

0-3  ±  0  02 

*Rate  of  transformation  in  terms  of  nmol  h  1  (/imol  AH2QDS)  1 
Data  are  mean  ±  SD  (n  =  3). 


cally  transformed  RDX  and  HMX  at  rates  of  0-5  ±  0T 
and  0-4  ±  0-04  nmol  h-1  mg  dry  mineral-1,  respectively 
(Table  2).  On  the  other  hand,  insoluble  forms  of  Fe(III) 
such  as  goethite  (a-FeOOH)  and  hematite  (Fe203)  were 
also  reduced  to  Fe(II)  by  strain  EDB2  as  determined 
by  the  Ferrozine  method  (Stookey  1970).  We  found 
that  goethite,  reduced  by  strain  EDB2,  transformed 
RDX  and  HMX  at  rates  of  0-3  ±  0-05  and  0-2  ± 
0-02  nmol  h-1  mg  dry  mineral-1,  respectively,  whereas 
reduced  hematite  also  transformed  RDX  and  HMX  at 
rates  of  0-4  ±  0T  and  0T  ±  0-01  nmol  h-1  mg  dry  min¬ 
eral-1,  respectively  (Table  2),  compared  to  the  non- 
reduced  iron  minerals  which  did  not  react  with  any  of 
the  two  cyclic  nitramines.  In  control  experiments,  the  free 
Fe(II)  solution  (20  mmol  l-1  FeS04)  did  not  react  with 
either  RDX  or  HMX  under  abiotic  conditions  for  up  to 
22  days. 

Discussion 

We  demonstrated  that  Clostridium  sp.  EDB2  degraded 
cyclic  nitramines,  RDX  and  HMX.  The  products  (i.e., 
nitrite  and  nitroso  intermediates)  obtained  from  RDX 
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and  HMX  revealed  that  both  chemicals  were  degraded  via 
two  different  pathways  that  occurred  simultaneously,  i.e., 
first,  initial  N-denitration,  and  second,  initial  reduction  of 
nitro  groups  to  nitroso  groups.  The  concomitant  release 
of  N20  and  HCHO  from  RDX  and  HMX  is  indicative  of 
ring  opening  and  decomposition  of  the  respective  mole¬ 
cule.  The  products  and  pathways  of  degradation  were 
closely  similar  to  those  reported  earlier  with  other 
Clostridium  spp.  For  instance,  Cl.  bifermentans  HAW  1 
degraded  RDX  and  HMX  either  via  initial  N-denitration 
or  via  initial  reduction  to  corresponding  nitroso  interme¬ 
diates  (Zhao  et  al.  2003,  2004b),  whereas  Zhang  and 
Hughes  (2003)  reported  biodegradation  of  RDX  with  Cl. 
acetobutylicum  via  sequential  reduction  of  all  the  three 
nitro  groups. 

Interestingly,  we  found  that  Fe(III),  AQDS  and  HA  sti¬ 
mulated  the  growth  of  strain  EDB2  suggesting  that  strain 
EDB2  utilized  these  chemicals  as  terminal  electron  accep¬ 
tors.  This  finding  is  in  accordance  with  the  previous  stud¬ 
ies  which  also  reported  that  Fe(III)  stimulated  the  growth 
of  fermentative  bacteria,  Cl.  beijerinckii  (Dobbin  et  al. 
1999)  and  Cl.  butyricum  EG3  (Park  et  al.  2001),  by  acting 
as  an  electron  sink.  On  the  other  hand,  resting  cells  of 
strain  EDB2  also  reduced  Fe(III)  and  AQDS  indicating  the 
involvement  of  a  membrane-linked  reductase  enzyme(s). 
Furthermore,  the  presence  of  Fe(III),  AQDS  and  HA  in 
the  growth  medium  enhanced  the  biodegradation  of  RDX 
and  HMX  by  strain  EDB2.  In  accordance  with  our  find¬ 
ings,  the  Fe(II)-bearing  minerals  such  as  siderite,  goethite 
and  hematite  have  been  shown  to  be  reactive  towards  ni- 
troaromatic  compounds  and  polyhalogenated  alkanes 
(Eisner  et  al.  2004).  Analogously,  the  present  study  also 
suggested  that  iron-reducing  bacteria  present  in  the  sedi¬ 
ment  environments  might  produce  reactive  biogenic  iron 
minerals.  The  latter  could  react  with  cyclic- nitramines 
abiotically  (as  shown  above)  to  accelerate  their  in  situ 
degradation. 


Recently,  Gregory  et  al.  (2004)  reported  that  RDX  did 
not  react  with  freely  suspended  Fe(II)  alone;  however, 
Fe(II)  bound  to  magnetite  abiotically  transformed  RDX 
to  produce  NH4 ,  N20  and  HCHO.  Furthermore,  only 
10%  of  RDX  was  mineralized  to  C02,  which  indicated 
that  efficient  mineralization  cannot  be  achieved  under 
abiotic  conditions.  The  finding  of  Gregory  et  al.  (2004)  is 
in  accordance  with  our  present  observation  that  free 
Fe(II)  (as  FeS04)  did  not  react  with  either  RDX  or  HMX 
for  up  to  22  days  of  incubation,  however,  Fe(II)  bound 
to  the  siderite,  hematite  and  goethite  did  react  with  both 
energetic  chemicals. 

It  is  evident  that  strain  EDB2  first  biotransformed  RDX 
and  HMX  to  produce  HCHO,  which  then  underwent  bio¬ 
conversion  to  C02.  For  instance,  when  we  incubated 
growing  cells  of  strain  EDB2  with  radio-labelled  H14CHO 
under  similar  conditions  as  those  used  for  RDX  or  HMX, 
we  found  40%  mineralization  of  H14CHO  to  14C02  in 
4  days  (data  not  shown).  As  shown  above,  the  nonre- 
duced  Fe(III),  HA  and  AQDS  did  not  react  with  either 
RDX  or  HMX  suggesting  an  indirect  involvement  of  the 
three  chemicals  in  accelerating  the  biodegradation  pro¬ 
cess.  In  a  subsequent  experiment  (Table  2),  we  found  that 
microbially  reduced  iron,  HA  and  AH2QDS  abiotically 
reacted  with  RDX  and  HMX  to  eventually  produce 
HCHO,  a  source  of  C02,  and  thereby  indirectly  acceler¬ 
ated  the  mineralization  process. 

Taken  together,  strain  EDB2  demonstrated  a  multidi¬ 
mensional  approach  to  degrade  RDX  and  HMX  (Fig.  6): 
first,  directly  by  coming  in  contact  with  the  two  cyclic 
nitramines;  second,  by  reducing  Fe(IlI),  the  most  abun¬ 
dant  electron  acceptor  in  marine  and  freshwater  sedi¬ 
ments,  to  produce  biogenic  Fe(II),  which  is  reactive 
towards  cyclic  nitramines;  and  third,  by  reducing  electron 
shuttles  such  as  HA  and  AQDS,  which  act  as  electron 
shuttles  to  transfer  electrons  to  the  cyclic  nitramines.  In 
all  the  three  cases,  product  distribution  was  similar 


Figure  6  Schematic  representation  of  strat¬ 
egies  used  by  strain  EDB2  to  degrade  RDX 
and  HMX  via  different  routes,  (a)  Cyclic 
nitramines  degraded  by  direct  interaction  with 
strain  EDB2.  (b)  Electron-shuttle  compounds 
(HA/AQDS),  reduced  by  strain  EDB2,  abio¬ 
tically  degraded  cyclic  nitramines.  (c)  Iron 
minerals,  reduced  by  strain  EDB2,  abiotically 
degraded  cyclic  nitramines.  Solid  arrows 
indicate  direction  of  flow  of  electrons. 
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because  the  cyclic  nitramines  were  degraded  either  via  ini¬ 
tial  N-denitration  or  via  initial  reduction  of  nitro  groups 
to  nitroso  groups  prior  to  ring  cleavage  and  decomposi¬ 
tion.  The  above  properties  render  strain  EDB2  suitable 
for  accelerating  the  (bio)remediation  of  cyclic  nitramine 
explosives  in  iron(III)-  and  HA-rich  environments  such 
as  marine  sediments. 

As  microbial  reduction  of  iron  and  humic  substances 
occurs  on  a  large-scale  in  subsurface  environments  such 
as  sediments,  estuaries  and  groundwater  (Lonergan  et  al. 
1996;  Benz  et  al.  1998;  Coates  et  al.  1998;  Vargas  et  al. 
1998),  such  environments  would  be  ideal  for  accelerating 
the  cleanup  of  cyclic  nitramine  energetic  chemicals.  To 
our  knowledge,  this  is  the  first  report  that  states  the  use 
of  Fe(III)-  and  HA-reducing  bacterium  to  accelerate 
bioremediation  of  cyclic  nitramines  in  Fe(III)-  and  HA- 
rich  environments. 
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Abstract 

In  previous  studies,  we  found  that  the  emerging  energetic  chemical,  CL-20  (C6H6N12012,  2,4,6,8,10,12-hexanitro- 
2,4,6,8,10,12-hexaazaisowurtzitane),  can  be  degraded  following  its  initial  denitration  using  both  aerobic  and  anaerobic 
bacteria.  The  C  and  N  mass  balances  were  not  determined  due  to  the  absence  of  labeled  starting  compounds.  The  pres¬ 
ent  study  describes  the  degradation  of  the  emerging  contaminant  by  Phanerochaete  chrysosporium  using  ring-labeled 
[15N]-CL-20  and  [14C]-CL-20.  Ligninolytic  cultures  degraded  CL-20  with  the  release  of  nitrous  oxide  (N20)  in  amounts 
corresponding  to  45%  of  the  nitrogen  content  of  CL-20.  When  ring-labeled  [15N]-CL-20  was  used,  both  14N14NO  and 
15N14NO  were  observed,  likely  produced  from  -N02  and  N-N02,  respectively.  The  incubation  of  uniformly  labeled 
[14C]-CL-20  with  fungi  led  to  the  production  of  14C02  (>80%).  Another  ligninolytic  fungus,  Irpex  lacteus,  was  also  able 
to  degrade  CL-20,  but  as  for  P.  chrysosporium ,  no  early  intermediates  were  observed.  When  CL-20  was  incubated  with 
manganese  peroxidase  (MnP),  we  detected  an  intermediate  with  a  [M— H]_  mass  ion  at  345  Da  (or  351  and  349  Da 
when  using  ring-labeled  and  nitro-labeled  [l3N]-CL-20,  respectively)  matching  a  molecular  formula  of  C6HsN10O8. 
The  intermediate  was  thus  tentatively  identified  as  a  doubly  denitrated  CL-20  product.  The  concomitant  release  of 
nitrite  ions  (N02 )  with  CL-20  degradation  by  MnP  also  supported  the  occurrence  of  an  initial  denitration  prior  to 
cleavage  and  decomposition. 

©  2005  Elsevier  Ltd.  All  rights  reserved. 
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I.  Introduction 

The  environmental  fate  and  impact  of  the  emerging 
energetic  chemical  CL-20,  C6H6Ni2012  (compound  1, 
Fig.  1)  are  not  well  defined.  Preliminary  toxicological 
studies  indicated  that  CL-20  is  not  acutely  toxic  to  the 
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marine  bacteria  Vibrio  fisheri,  freshwater  green  algae 
Selenastrum  capricornutum ,  terrestrial  higher  plants 
(perennial  ryegrass  and  alfalfa),  and  indigenous  soil 
microorganisms  (Gong  et  al.,  2004).  However,  the  poly¬ 
cyclic  nitramine  has  significant  lethal  and  sublethal 
effects  on  the  earthworm  Eisenia  andrei  (Robidoux 
et  al.,  2004).  At  lower  doses,  the  toxicity  of  the  nitramine 
was  more  important  in  a  sandy  soil  than  in  an  organic 
rich  soil  (Robidoux  et  al.,  2004),  a  phenomenon  ex¬ 
plained  by  the  favored  sorption  of  CL-20  to  soil  organic 
fraction  ( Balakrishnan  et  al.,  2004a). 


0045-6535/$  -  see  front  matter  ©  2005  Elsevier  Ltd.  All  rights  reserved. 
doi:10.1016/j.chemosphere.2005.06.052 


176 


D.  Fournier  et  al.  /  Chemosphere  63  (2006)  175-181 


Fe°  (Balakrishnan  et  al.  2004b) 
Nitroreductase  (Bhushan  et  al.  2004b) 


N02 


no2 


2a  Doubly  denitrated  CL-20 


+ 


Abiotic  secondary  decomposition 


CHOCHO  +  N20  +  HCOO"  +  NH3 

Fig.  1.  Structure  of  CL-20  (1)  and  CL-20  denitration  products  (2a  and  2b)  observed  during  treatment  with  Fe°  (Balakrishnan  et  al., 
2004b)  or  with  nitroreductase  (Bhushan  et  al.,  2004b). 


While  two  aerobic  RDX-degrading  strains  (Rhodo- 
coccus  sp.  DN22  and  Rhodococcus  rhodochrous  1 1 Y) 
failed  to  degrade  CL-20  (unpublished  data),  several  aero¬ 
bic  and  anaerobic  microorganisms  degraded  the  ener¬ 
getic  compound  (Trott  et  al.,  2003;  Bhushan  et  al., 
2003,  2004a;  Karakaya  et  al.,  2004).  CL-20  was  found 
to  transform  via  an  N-denitration  mechanism,  as  con¬ 
firmed  by  the  detection  of  nitrite  ions  (NOf)  and  puta¬ 
tive  doubly  denitrated  CL-20  intermediates  (compound 
2a  and  its  isomer  2b,  Fig.  1 )  during  treatment  with  nitro¬ 
reductase  (Bhushan  et  al.,  2004b).  The  proposed  deni¬ 
trated  intermediates  have  also  been  observed  when 
reacting  CL-20  with  zero  valent  iron  (Balakrishnan 
et  al.,  2004b).  In  the  biotic  like  in  the  abiotic  processes, 
compound  2a  and  its  isomer  2b  degraded  into  the  end- 
products  nitrous  oxide  (N20),  formate  (HCOO-), 
ammonia  (NH3),  and  glyoxal  (CHOCHO)  (Fig.  1). 

Despite  the  important  progresses  that  have  been 
achieved  in  the  understanding  of  CL-20  degradation 
pathways,  the  fate  of  carbons  from  the  emerging  chem¬ 
ical  is  not  thoroughly  known.  In  the  present  study,  we 
assessed  the  ability  of  the  ligninolytic  white-rot  fungi, 
Phanerochaete  chrysosporium  and  Irpex  lacteus,  to  de¬ 
grade  CL-20.  For  the  first  time,  the  carbon  mass  balance 
was  determined  using  the  radiotracer  [14C]-CL-20. 


P.  chrysosporium  and  I.  lacteus  are  lignin  degraders  that 
synthesize  nonspecific  enzymes  such  as  lignin  peroxidase 
(LiP),  manganese  peroxidase  (MnP),  and  other  critical 
metabolic  components  such  as  oxidases,  reductases, 
hydrogen  peroxide,  veratryl  alcohol,  oxalate,  and  qui- 
nones  (Kersten  et  al.,  1985;  Stahl  and  Aust,  1995). 
Due  to  the  complex  nature  of  fungal  metabolic  chemis¬ 
try,  we  used  MnP  to  get  insight  into  the  degradation 
mechanism. 


2.  Material  and  methods 

2.1.  Chemicals 

2, 4,6, 8, 10, 1 2-Hexanitro-2,4,6,8, 10,1 2-hexa- 
azaisowurtzitane  (s-CL-20),  ring-labeled  [lsN]-CL-20, 
nitro-labeled  15N-[CL-20],  and  uniformly  labeled  [14C]- 
CL-20  (chemical  purity  >  97%,  specific  activity  of 
0.75  mCi/g)  were  provided  by  A.T.K.  Thiokol  Propul¬ 
sion  (Brigham  City,  UT).  [l,2-14C]-glyoxal  (chemical 
purity  >  99%,  specific  activity  of  56  mCi/mmol)  was 
from  American  Radio-labeled  Chemicals,  Inc.  (St. 
Louis,  MO).  All  other  chemicals  used  in  this  study  were 
of  reagent  grade. 
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2.2.  Bio-transformation  of  CL-20  in  liquid  culture 
by  P.  chrysosporiwn  and  I.  lacteus 

P.  chrysosporiwn  strain  ATCC  24725  and  I.  lacteus 
(obtained  from  Dr.  V.  Sasek,  Institute  of  Microbiology, 
Prague,  Czech  Republic)  were  maintained  on  YPD 
plates,  and  were  cultivated  in  a  modified  Kirk’s  nitro¬ 
gen-limited  medium  (pH  4.5)  as  previously  described 
(Fournier  et  al.,  2004).  Kirk’s  modified  medium  contains 
a  carbon  source  (10  g/1  glucose)  and  a  limited  source  of 
nitrogen  (1.2  mM  ammonium  tartrate),  which  are  en¬ 
ough  to  promote  the  initial  development  of  fungal  myce- 
lia  and  induce  the  production  of  ligninolytic  enzymes  (the 
medium  is  referred  below  as  the  N-limited  mineral  med¬ 
ium).  Bio-transformation  experiments  were  performed  in 
the  N-limited  mineral  medium  (10  ml  in  125  ml  serum 
bottle)  inoculated  with  2  x  106  fungal  spores.  CL-20 
(stock  solution  of  approximately  15000  mg  1  ,  prepared 
in  acetone)  was  added  to  the  spore  suspension.  Heat- 
killed  fungal  spores  were  incubated  with  CL-20  as  con¬ 
trols  for  possible  abiotic  degradation.  The  bottles  were 
sealed  with  Teflon  coated  serum  septa  and  aluminum 
caps.  The  cultures  were  incubated  statically  in  the  dark 
at  37  ±  2  °C  (for  P.  chrysosporiwn)  and  20  ±  2  °C  for 
I.  lacteus ,  and  were  aerated  every  3^4  days. 

2.3.  Mineralization  of  CL-20  and  glyoxal  with  fungi 

Mineralization  experiments  were  performed  by  add¬ 
ing  the  radiotracer  [14C]-CL-20  (0.048  pCi,  162.6  nmol) 
or  [14C]-glyoxal  (0.288  pCi,  3100  nmol)  to  P.  chrysospo¬ 
riwn  spore  suspensions.  Formation  of  14C02  was  moni¬ 
tored  as  described  previously  (Fournier  et  al.,  2004). 
Once  again,  the  microcosms  were  aerated  every  3^1 
days. 

2.4.  Bio-transformation  of  CL-20  with  MnP 

MnP  from  a  high  potential  fermentation  strain  of 
Nemalotoma  frowardii  was  purchased  from  Jena  Biosci¬ 
ence  GmbH  (Jena,  Germany).  The  MnP  reactions  were 
performed  in  6  ml  vials  in  a  total  of  2  ml:  sodium  rnalon- 
ate  (50  mM,  pH  4.5),  MnCl2  (1  mM),  H202  (0.33  mM), 
MnP  (3  U)  and  CL-20  (38mgU'  using  the  above-de¬ 
scribed  stock  solution).  CL-20  was  present  at  a  concentra¬ 
tion  superior  to  its  aqueous  solubility  (Monteil-Rivera 
et  al.,  2004)  in  an  attempt  to  generate  sufficient  amounts 
of  reaction  intermediates  to  allow  detection.  The  vials 
were  sealed  with  Teflon  coated  serum  septa  and  alumi¬ 
num  caps.  Reactions  were  carried  out  at  37  ±  2  °C  under 
agitation  at  150  rpm. 

2.5.  Analytical  techniques 

After  sampling  the  headspace  for  N20  analysis 
(Fournier  et  al.,  2004),  the  liquid  phase  of  fungal  cul¬ 


tures  or  enzymatic  reaction  were  sacrificed  by  adding 
one  equivalent  volume  of  acidified  acetonitrile  (0.25  ml 
of  concentrated  H2S04  per  liter  of  acetonitrile)  to  one 
volume  of  reaction  mixture.  Whole  fungal  cultures  were 
submitted  to  sonication  at  20  °C  for  18  h.  In  all  cases, 
the  resulting  solution  was  then  filtered  through  a 
0.45  pm  membrane  (Millipore  PTFE),  the  first  3  ml 
being  discarded.  CL-20  was  analyzed  by  HPLC  con¬ 
nected  to  a  photodiode  array  (PDA),  as  described  previ¬ 
ously  (Monteil-Rivera  et  al.,  2004).  Analyses  of  nitrate 
(N03-),  formate  (HCOO  ),  glycolate  (IIOCILCOO  ), 
ammonia  (NH3),  and  glyoxal  (HCOHCO)  were  also  per¬ 
formed  as  previously  described  ( Balakrishnan  et  al., 
2004b).  Intermediate  products  of  CL-20  were  analyzed 
using  a  Bruker  Esquire  3000  plus  ion  trap  spectrometer 
(Bruker-Daltonics,  Boston,  MA,  USA)  equipped  with 
an  Agilent  1100  HPLC  system  (Agilent,  Waldbronn, 
Germany).  The  atmospheric  electrospray  source  was 
operated  in  negative  mode  using  nitrogen  as  a  drying 
gas  (15.0  psi),  at  a  flow  rate  of  5  1/min  and  a  temperature 
of  150  °C.  The  capillary  voltage  was  set  at  4000  V  with 
an  end  plate  offset  of  —500  V.  The  scanning  mass  to 
charge  range  was  40-550  m/z.  Details  on  the  LC-MS 
set  up  can  be  found  in  Hawari  et  al.  (2004).  Nitrite 
(NO7)  was  analyzed  using  the  photometric  US  EPA 
Method  354.1  (US  EPA,  1979). 


3.  Results  and  discussion 

3.1.  Bio-transformation  of  CL-20  by  fungi 

Degradation  of  CL-20  added  to  spores  suspension  of 
P.  chrysosporiwn  was  monitored  for  up  to  8  days.  Fig.  2A 
shows  the  disappearance  of  CL-20  in  the  presence  of 
growing  or  heat-killed  fungal  cultures.  In  heat-killed  con¬ 
trols  the  initial  amount  of  CL-20  (85  nmol)  remained  sta¬ 
ble  during  all  the  incubation  period.  The  degradation 
with  active  P.  chrysosporiwn  started  after  a  lag  phase 
of  2  days  (Fig.  2A).  After  5  days  of  incubation,  CL-20 
was  totally  depleted  from  the  culture  medium.  The  for¬ 
mation  of  N20  started  after  3  days  of  incubation 
(Fig.  2A).  On  the  seventh  day,  the  ratio  of  N20  over 
CL-20  degraded  indicated  that  45%  of  the  nitrogen  con¬ 
tent  of  CL-20  was  transformed  into  nitrous  oxide.  When 
ring-labeled  [15N]-CL-20  was  used  in  degradation  experi¬ 
ments,  the  GC/MS  analysis  of  N20  showed  the  presence 
of  both  14N14NO  and  15N14NO,  likely  produced  from 
peripheral  nitro  (-N02)  and  the  nitramine  (N-N02) 
groups,  respectively.  No  nitrite  ions  (NOJ)  were  de¬ 
tected,  but  when  P.  chrysosporiwn  was  cultivated  with 
NaN02  as  the  sole  nitrogen  source,  the  growth  of  the 
mycelia  was  observed  with  the  concomitant  production 
of  N20.  It  should  be  noted  that  no  growth  and  no  N20 
production  were  observed  in  the  absence  of  either  CL- 
20  or  NaNOz.  No  CL-20  intermediary  metabolites  were 


178 


D.  Fournier  et  al.  /  Chemosphere  63  (2006)  175—181 


A  Days 


Fig.  2.  (A)  Degradation  of  CL-20  (83  nmol)  (A)  and  N20 
production  (O)  by  growing  cultures  of  Phcinerochaete  chrysos- 
porium.  CL-20  (□)  and  N20  (x)  amounts  observed  with  heat- 
killed  spores  of  P.  chrysosporium.  Bars  indicate  standard 
deviation  from  duplicate  experiments.  (B)  Degradation  of  CL- 
20  (260  nmol)  by  7  days-old  P.  chrysosporium  (•),  I.  lacteus 
(□),  or  noninoculated  cultures  (O). 


teas  compared  to  P.  chrysosporium.  As  observed  with  P. 
chrysosporium,  I.  lacteus  was  able  to  remove  almost  all 
the  nitramine  after  25  days  of  incubation  (Fig.  2B), 
but  once  again,  no  CL-20  intermediates  were  detected. 

3.2.  CL-20  carbon  mass  balance 

Mineralization  experiments  were  conducted  by  add¬ 
ing  uniformly  labeled  [14C]-CL-20  to  P.  chrysosporium 
cultures.  As  depicted  in  Fig.  3,  the  production  of  C02 
began  after  5  days  of  incubation,  reaching  80%  of  C02 
after  78  days,  showing  that  almost  5C  of  the  total  6C 
atoms  of  CL-20  mineralized  into  C02. 


Fig.  3.  Liberation  of  14C02  from  [14C]-CL-20  (0.048  pCi, 
162.6  nmol)  added  to  spores  suspensions  of  Phanerochaete 
chrysosporium  prepared  in  N-limited  medium.  Bars  indicate 
standard  deviation  from  triplicate  experiments. 


detected,  probably  because  they  were  readily  trans¬ 
formed  in  the  culture  supernatant,  via  the  action  of  lig- 
ninolytic  enzymes  such  as  LiP  or  MnP. 

With  the  hope  to  generate  detectable  amounts  of 
intermediary  metabolites,  P.  chrysosporium  and  another 
white-rot  fungus  I.  lacteus  were  pre-grown  for  7  days 
prior  to  the  addition  of  higher  amounts  of  CL-20  than 
used  above  (260  nmol).  Cultures  were  sampled  twice  a 
day  for  LC/MS  analysis.  As  depicted  in  Fig.  2B,  degra¬ 
dation  of  CL-20  by  P.  chrysosporium  started  without 
any  lag  phase.  After  25  days  of  incubation  at  37  °C, 
CL-20  was  totally  depleted  from  the  culture  medium, 
but  the  analysis  of  the  liquid  phase  on  LC/MS  did  not 
show  any  intermediates.  When  incubated  at  20  °C,  I.  lac¬ 
teus  also  degraded  CL-20  but  after  a  lag  phase  of  3^1 
days.  This  lag  phase  can  be  due  to  the  slower  growth 
and  or  slower  ligninolytic  enzymes  production  by  I.  lac- 
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Fig.  4.  Bio-transformation  of  CL-20  (•)  with  the  MnP  from 
Nemcilotoma  frowardii  and  formation  of  the  metabolites  NO^ 
(x),  NOf  (A),  N20  (0)  and  glyoxal  (□).  Bars  indicate  standard 
deviation  from  triplicate  experiments. 
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The  observation  of  N20  (14N14NO  from  nitro  group) 
and  C02  indicate  that  P.  chrysosporium  catalyzes  ring 
cleavage  of  CL-20  via  denitration,  nitrite  ions  which 
were  not  detected,  being  likely  assimilated  by  fungi  cul¬ 
tivated  under  nitrogen-limited  conditions.  Because  no 


early  intermediates  were  observed  during  the  incubation 
of  CL-20  with  the  whole  fungi,  despite  the  high  CL-20 
starting  concentrations,  the  widely  studied  ligninolytic 
enzyme  MnP  was  used  with  the  hope  to  detect  such 
metabolites. 


Fig.  5.  (A)  LC-MS  extracted  ion  chromatograms  (m/z  500  and  345)  of  CL-20  (1)  and  its  initial  intermediates  (2  and  3)  observed  after 
2  h  of  incubation  of  CL-20  with  MnP.  (B)  LC-MS  (ES-)  mass  spectrum  and  proposed  structural  formula  of  the  two  doubly  denitrated 
isomers  from  CL-20  (2a  and  2b).  (C)  LC-MS  (ES-)  mass  spectrum  and  proposed  structural  formula  of  the  two  doubly  denitrated 
isomers  from  uniformly  ring-labeled  l5N-[CL-20],  (D)  LC-MS  (ES-)  mass  spectrum  and  proposed  structural  formula  of  the  two  doubly 
denitrated  isomers  from  nitro-labeled  15N-[CL-20], 
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3.3.  Transformation  of  CL-20  with  MnP — insights  into 
the  degradation  mechanism 

In  previous  studies,  MnP  was  found  to  degrade  the 
nitramine  RDX  (Stahl  et  al.,  2001),  its  ring  cleavage 
product  4-nitro-2,4-diazabutanal  (NDAB)  (Fournier 
et  al.,  2004),  and  the  TNT  metabolite  aminodinitrotolu- 
ene  (Stahl  and  Aust,  1995;  Fritsche  et  al.,  2000).  MnP 
oxidizes  Mn2+  ions  into  highly  reactive  Mn3+  ions, 
which  are  stabilized  by  a  fungal-produced  chelating 
agent  such  as  oxalate.  Chelated  Mn3+  ions  oxidize  a 
broad  variety  of  chemicals  via  one-electron  transfer 
reactions.  The  ligninolytic  enzyme  MnP  is  produced  by 
almost  all  white-rot  fungi,  and  all  MnPs  described  so 
far  appear  to  follow  the  same  classical  catalytic  cycle 
as  detailed  by  Hofrichter  (2002).  Therefore  it  was  as¬ 
sumed  that  MnP  from  different  basidiomycetes  would 
attack  CL-20  in  a  similar  way.  In  the  present  study, 
we  used  to  bio-transform  CL-20,  a  commercial  MnP 
purified  from  N.  frowardii,  another  ligninolytic  white- 
rot  fungus. 

MnP  catalyzed  the  degradation  of  CL-20  (Fig.  4)  and 
rendered  possible  the  detection  of  two  LC/MS  peaks, 
each  showing  a  [M— H]~mass  ion  at  345  Da  (Fig.  5A, 
peaks  2  and  3),  after  1  h  of  incubation.  These  peaks 
showed  similar  chromatographic  and  mass  data  to  the 
ones  detected  during  the  degradation  of  CL-20  using 
Fe°  (Balakrishnan  et  al.,  2004b)  or  nitroreductase  (Bhu- 
shan  et  al.,  2004b).  Each  of  the  two  LC/MS  peaks 
matched  a  molecular  formula  of  C6H6N10Os  and  was 
tentatively  identified  as  one  of  the  two  isomers  of  the 
doubly  denitrated  CL-20  molecule  (Fig.  5B,  2a  and 
2b).  The  use  of  ring-labeled  [15N]-CL-20  and  nitro- 
labeled  [15N]-CL-20  respectively  revealed  the  presence 
of  LC/MS  peaks  showing  a  [M— H]~mass  ion  at 
351  Da  (an  increase  of  6  Da  representing  the  6  15N 
atoms,  Fig.  5C)  and  a  [M— H]~mass  ion  at  349  Da  (an 
increase  of  4  Da  representing  4  15N02  groups, 

Fig.  5D)  in  agreement  with  the  formation  of  the  doubly 
denitrated  CL-20  intermediate  and  its  isomer.  Signifi¬ 
cant  amounts  of  nitrite  (NO/)  were  formed  concomi¬ 
tantly  with  CL-20  removal  (Fig.  4),  supporting  the 
occurrence  of  an  initial  denitration  process  as  observed 
with  Fe°  (Balakrishnan  et  al.,  2004b).  The  amount  of 
NO/  (280  nmol)  was  maximal  after  5  h  of  incubation. 
Considering  the  oxidative  conditions  produced  by  the 
MnP  system,  NO/  ions  were  probably  oxidized  into 
NO/  ions,  as  demonstrated  by  the  appearance  of  the  lat¬ 
ter  after  1  h  of  incubation.  When  whole  fungi  were  incu¬ 
bated  with  CL-20,  the  nitrite  ions  released  were  likely 
assimilated,  allowing  the  growth  of  the  fungal  mycelia. 
Nitrous  oxide  (N20)  was  also  produced  during  the  deg¬ 
radation  of  CL-20  with  MnP  (Fig.  4).  The  amounts  of 
N20  increased  linearly  to  a  maximum  of  200  nmol,  giv¬ 
ing  a  ratio  N20  over  CL-20  of  8%.  The  ratio  obtained 
with  growing  fungi  was  much  higher  (45%)  and  better 


Fig.  6.  Liberation  of  14C02  from  [l4C]-glyoxal  added  to  spores 
of  Phanerochaete  chrysosporium  in  N-limited  medium.  Bars 
indicate  standard  deviation  from  triplicate  experiments. 


reflects  the  complex  nature  of  P.  chrysosporium  metabo¬ 
lism.  Several  assays  aiming  at  the  detection  of  ammonia 
(NH3)  were  not  successful  because  of  the  presence  of 
important  analytical  interferences,  even  after  an  exten¬ 
sive  washing  of  the  commercial  MnP  to  remove  excess 
salts. 

No  formate  (HCOCC)  was  produced  but  a  significant 
amount  of  glyoxal  was  detected  (Fig.  4).  One  mole  of  re¬ 
moved  CL-20  (C6H6N12012)  gave  0.5  mol  of  glyoxal 
(C2H202).  The  formation  of  glyoxal  as  a  CL-20  product 
is  environmentally  significant  since  the  di-aldehyde  is 
known  to  be  toxic  (Shangari  et  al.,  2003).  The  degrada¬ 
bility  of  glyoxal  was  then  investigated,  using  either  pure 
MnP  or  P.  chrysosporium.  When  incubated  with  MnP, 
the  di-aldehyde  remained  intact  after  more  than  1 8  h 
of  incubation  (result  not  shown).  However,  P.  chrysos¬ 
porium  was  able  to  mineralize  88%  of  the  radio-labeled 
glyoxal  added  (liberated  as  14C02)  (Fig.  6),  thus  indicat¬ 
ing  that  the  compound  would  not  persist  in  the  presence 
of  white-rot  fungi.  The  mineralization  of  glyoxal  may  be 
based  on  the  participation  of  the  metalloenzyme  glyoxal 
oxidase  that  functions  as  an  extracellular  factory  for 
production  of  hydrogen  peroxide  (Whittaker  et  al., 
1996). 


4.  Conclusion 

This  study  demonstrates  that  the  white-rot  fungi  P. 
chrysosporium  and  I.  lacteus  can  efficiently  decompose 
CL-20  under  aerobic  conditions.  For  the  first  time,  the 
use  of  uniformly  labeled  [14C]-CL-20  indicates  that  P. 
chrysosporium  could  effectively  (>80%)  mineralize  the 
nitramine,  as  determined  by  the  release  of  14C02.  The 
use  of  pure  MnP  provided  several  evidences  supporting 
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the  occurrence  of  an  initial  denitration  step  on  CL-20 
prior  to  ring  cleavage  and  decomposition.  The  detection 
of  glyoxal  as  a  CL-20  metabolite  and  its  mineralization 
by  P.  chrysosporium  indicate  that  the  di-aldehyde  is  a 
CL-20  product  but  that  it  would  not  persist  in  the  pres¬ 
ence  of  white-rot  fungi.  This  study  demonstrates  that 
CL-20  would  not  be  persistent  in  environments  that  fa¬ 
vor  the  growth  of  ligninolytic  fungi. 
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